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General Introduction 
Everybody seems to have a particular idea of what memory is or what kind of 
problems can result from memory dysfunction. Professionals and laypersons alike 
refer to memory as if it is a self-evident concept that relates to naturally given 
capacities, or neural systems, mostly with clearly defined functions or dysfunctions.  
 
The impression that memory is composed of different systems has a long history and 
experimental investigation confirms this longstanding theory. In the 1980s, the 
multiple memory systems were divided into declarative and nondeclarative forms of 
memory (Squire 2004; Tulving, 1983). Nondeclarative memory is an umbrella term 
referring to several kinds of memory as procedural (skills and habits) memory, 
priming, classical conditioning and non-associative learning (Squire 2004). 
Nondeclarative forms of memory are dispositional and are expressed through 
performance rather than recollection. Declarative memory, in turn, is the kind of 
memory that is usually meant when the word “memory” is used in everyday 
language. Declarative memory can be divided into semantic and episodic memory 
(Tulving, 1983). Semantic memory comprises all acquired knowledge about the 
world whereas episodic memory refers to the capability to re-experience an event in 
the context in which it originally has occurred. However, people tend to have slightly 
different working definitions of episodic memory which has led to the development 
of different tests used to assess it. For instance, episodic memory tests are 
sometimes labeled for the nature of what is remembered (e.g. autobiographical 
memory, source memory) and sometimes for the way episodic memory is assessed 
(e.g. free recall or cued recall).  In the present thesis, we measure episodic memory 
in terms of free or cued recall to investigate episodic memory and its neural 
correlates. Moreover, the neural correlates of episodic memory were assessed by 
utilizing different magnetic resonance imaging (MRI) techniques (see Box 1). 
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Brain structures involved in episodic memory 
 
In the last sixty years we gained important insight into the brain circuits underlying 
our ability to remember the past. Since the influential work of Scoville and Milner 
(1957) we know that the medial temporal lobe, with the hippocampus at its core, 
plays an important role in episodic memory (Fernández, 2017). After bilateral 
hippocampal resection, patient H.M. lost his ability to remember events experienced 
shortly before or any time after his surgery with spared memory for events that 
occurred at a longer time scale (Scoville and Milner 1957). This pattern of results 
demonstrated that the hippocampus has a special, but time dependent, role in 
memory formation. It is assumed that the hippocampus initially binds together 
distributed neocortical representations into a coherent episode, but with time, these 
networks become neocortically stabilized so that they can be remembered without 
the binding function of the hippocampus (Takashima et al., 2006; Eichenbaum, 2000; 
Teng and Squire, 1999), a transition termed systems-level consolidation (Squire & 
Alvarez, 1995; however, see also Nadel et al., 2000). Until recently, the complicated 
interactions between medial temporal lobe structures and representational brain 
areas in posterior neocortex were assumed to be the basic infrastructure of episodic 
memory but new evidence suggests an extension of this classical view of systems-
level consolidation by assigning the medial prefrontal cortex (mPFC) an important 
role in long-term memory (see Fernández , 2017 for a detailed evaluation). For 
instance, Bontempi and colleagues (1999) studied rats and showed that hippocampal 
activity during memory retrieval decreased whereas posterior brain and medial 
prefrontal activity increased with remoteness of the memories. This finding has been 
transferred to the human system level when Takashima and colleagues (2006) 
demonstrated a similar pattern of neural activity transition by using fMRI. Based on 
those (and other) findings it has been proposed that the circuitry necessary for 
memory retrieval is reorganized in a way that the medial prefrontal cortex takes over 
the role of the hippocampus when retrieving consolidated long-term memories 
(Fernández, 2017).  
The transition from a hippocampal to a medial prefrontal “centered” episodic 
memory network suggests an intricate interaction between the hippocampus and 
the medial prefrontal cortex. However, rodent studies showed that hippocampal–
medial prefrontal connections are unidirectional and not uniformly distributed over 
the long axis of the hippocampus (Hoover & Vertes, 2012; Vertes et al., 2007) and 
therefore, an indirect communication seems necessary to allow a bidirectional 
information exchange between the medial prefrontal cortex and the hippocampus. 
In this regard, rodent studies revealed that midline thalamic structures are 
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reciprocally connecting to both the hippocampus and the medial prefrontal cortex 
(Wheeler et al., 2013; Cassel et al., 2013; Hoover and Vertes, 2012; Vertes et al., 
2007, 2006; van der Werf et al., 2002; Aggleton & Brown, 1999) which might provide 
the basis for such an indirect communication. Indeed, the midline thalamic nucleus 
reuniens appeared to be a relay station connecting the medial prefrontal cortex and 
the hippocampus during memory encoding in rodents (Xu & Südhof, 2013). 
Moreover, the rodent nucleus reuniens seems to be critically involved in offline 
consolidation that occurs after encoding (Davoodi et al. 2011). Human evidence for 
thalamic involvement in episodic memory is derived amongst others from patients 
with infarctions or neurodegeneration in specific thalamic nuclei interfering with the 
integrity of the thalamus (van der Werf et al., 2003). For instance, patients with 
alcoholic Korsakoff’s syndrome suffer from anterograde amnesia as a result of local 
neuronal degeneration in the thalamus (Visser et al., 1999; Mayes et al., 1997; 
Kopelman, 1995; Victor et al., 1989; Squire, 1981). Nowadays, magnetic resonance 
imaging (MRI; see Box 1) has become a widely used tool for investigating the human 
brain. By utilizing functional MRI, it has been shown that thalamic nuclei are 
activated during different episodic memory tasks probing memory encoding, 
memory consolidation and retrieval (Fama and Sullivan, 2015; Feng et al., 2013). The 
advantage of fMRI over lesions studies is the potential to visualize whole brain 
networks allowing for instance the investigation of a potential episodic memory 
network along the mPFC-thalamus-hippocampal axis in human. Thus, utilizing fMRI 
may provide important new insights regarding the transition of hippocampal to 
mPFC dependent memory retrieval.  
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       Figure 3: The mPFC-thalamus- hippocampus network.  
 
The role of GABA and Glutamate in learning and memory 
A longstanding theory is that the physical substrate of memories is an alteration in 
the efficacy of synapses within relevant neural networks (Martin et al., 2000; Goelet 
et la., 1986; Hebb, 1949). More than 60 years ago, Donald Hebb suggested that the 
efficacy of synapses is strengthened by concerted pre- and postsynaptic neuronal 
activity causing long-term potentiation (LTP) or depression (LTD). Numerous studies 
in both, invertebrates and vertebrates have revealed that receptors for 
neurotransmitters have key roles in the formation of LTP and LTD (Voglis and 
Tavernarakis, 2006; Luscher et al, 2000). Glutamate is the main excitatory 
neurotransmitter in the brain and is captured at postsynaptic terminals by α -amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate and N-methyl-D-
aspartic acid (NMDA) receptors. After the release of glutamate postsynaptic AMPA 
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and kainate receptors conduct sodium ions, which initiate postsynaptic 
depolarization. The change of the membrane potential initiates the release of 
magnesium ions that previously blocked the NMDA receptors causing calcium influx 
which triggers a chain of events that establish LTP. γ -aminobutyric acid (GABA) is the 
main inhibitory neurotransmitter in the mammalian brain. In a broad sense, 
activation of GABAergic receptors can counteract the formation of LTP via a 
hyperpolarization of the glutamatergic postneuron decreasing the likelihood of 
depolarization. However, it is important to note that the actions of GABA do not per 
se counteract the generation of LTP. For instance, if GABA is captured by a 
presynaptic autoreceptor the release of GABA onto the postsynaptic neuron is 
decreased so that a postsynaptic glutamatergic neuron will have a greater likelihood 
of depolarizing. Moreover, GABA and GABAergic interneurons play an important role 
in regulating synchronous oscillations in the theta and gamma band which are 
assumed to promote LTP (Heaney and Kinney, 2016). Nevertheless, pharmacological 
studies showed clearly that GABA receptor agonists (e.g. muscimol and diazepam) 
impair LTP and memory and that its antagonists (e.g. bicuculline and flumazenil) 
enhance LTP and memory function (Kim et al., 2012; McGaugh and Roozendaal, 
2009; Herzog et al, 1996; Castellano and McGaugh, 1989). With respect to 
glutamate, the opposite pattern can be observed in which receptor agonists increase 
LTP and memory and its antagonists decrease LTP and memory (Tadano et al., 2004; 
Newcomer et al., 2000). 
 
Over recent years there has been an upsurge in interest in 1H- Magnetic Resonance 
Spectroscopy (MRS) as a non-invasive method to quantify GABA and glutamate 
concentrations in specific regions of the human brain. In this regard, it has been 
shown that hippocampal glutamate concentration is a significant predictor of verbal 
memory performance (Schoemaker et al., 2014).  Moreover, Stanley and colleagues 
(2017) showed that hippocampal glutamate concentration increased during an 
associative memory task which was positively associated with memory performance. 
With respect to GABA it seems that GABA concentration is negatively associated with 
memory. For instance, Floyer-Lea and colleagues (2006) demonstrated that motor 
sequence learning reduced the GABA concentration within the sensorimotor cortex. 
This reduction was specific to motor learning since an unlearnable, non-repetitive 
motor sequence did not reduce GABA concentration in the sensorimotor cortex. 
Similarly, Stagg and colleagues (2011) showed a positive correlation between tDCS-
induced GABA decrease in primary motor cortex and motor learning, such that 
subjects who demonstrated a greater GABA decrease showed also accelerated 
motor learning. Together, these MRS studies showed that MRS is sensitive to 
memory related neurotransmitter concentration changes which “mirrors” 
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pharmacological studies showing memory decrease/increase due to the 
administration of GABA/glutamate agonists. Since, human pharmacological studies 
cannot probe the properties of GABA/glutamate in isolated brain regions MRS 
provide a powerful tool to assess GABA/glutamate in specific memory networks e.g. 
along the mPFC-thalamus-hippocampal axis. 
 
Episodic memory and aging 
In 2011, the world health organization (WHO) estimated that in 2010 around 524 
million people were aged 65 or older which represents 8 percent of the world’s 
population. By 2050, this number is expected to increase to around 1.5 billion, 
representing 16 percent of the world’s population. There is general agreement that 
memory performance deteriorates from early to late adulthood. Longitudinal studies 
indicate that memory performance remains relatively stable until about 60–65 years 
of age, after which accelerating decline is usually observed (Nyberg et al., 2012; 
Rönnlund et al., 2005; Schaie et al., 2005). Understanding age-associated changes in 
episodic memory is challenging since it is often difficult to separate the effects of 
normal ageing from those of pathological processes that impair episodic memory. 
For example, most elderly experience some form of age-related neural pathology 
since ageing is associated with increased risk for Alzheimer’s disease, Parkinson’s 
disease, diabetes, hypertension and arteriosclerosis (Hedden and Gabrieli 2004). 
However, research including highly selected healthy older adults indicates that age-
related memory impairments do not comprise every domain of memory (Grady and 
Craik, 2000). Whereas decrements are typically small in implicit memory tasks, 
immediate memory tasks and in many recognition memory tasks (Grady and Craik, 
2000) the memory losses are substantial in episodic memory tasks involving cued or 
free recall (Nyberg et al., 2012; Grady and Craik, 2000; Anderson and Craik, 2000; 
Balota et al., 2000). Studies in the cognitive neuroscience of aging have begun to link 
the deteriorating episodic memory to structural and functional brain changes 
(Nyberg et al., 2012). For instance, healthy aging is associated with gray matter loss 
especially in the frontal and temporal cortex, and subcortically, in the thalamus, 
putamen and accumbens (Fjell and Walhovd, 2010). Functional imaging studies 
revealed that healthy elderly, relative to younger controls, have decreased activity 
in the hippocampus during episodic memory tasks which appeared to be associated 
with memory performance (Hedden and Gabrieli 2004; Morcom  et al., 2003; 
Daselaar et al., 2003; Mitchell et al., 2000). An underlying mechanism that may, at 
least partly, account for the neurodegeneration and changed brain activation may 
be inflammation.  Research has found that inflammatory genes account for the 
majority of those that are upregulated in the aging brain (Godbout et al., 2005; 
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Prolla, 2002). Chronic inflammation has been associated with impaired long-term 
potentiation in hippocampal neurons suggesting that inflammation is a strong 
determinant of age related episodic memory decline (Terrando et al., 2010; Min et 
al., 2009; Lewitus et al., 2007; Murray and Lynch, 1998). In this regard, peripheral 
injection of the bacteria Escherichia coli- leading to increased inflammation- caused 
both retrograde and anterograde amnesia in 24-month-old, but not 3-month-old 
rats for memories that depend on the hippocampus (Barrientos et al., 2006). 
Moreover, in human, Harrison and colleagues (2014) showed that induced (S. typhi 
vaccination) inflammation causes a reduced medial temporal cortex glucose 
metabolism and selectively impaired episodic, but not procedural, memory. Thus, 
extended inflammatory processes seem to serve as a contributing factor to episodic 
memory dysfunction in the elderly.  
Lifestyle factors such as regular physical activities have been shown to counteract 
episodic memory decline in healthy elderly (Hayes et al., 2015). However, the 
underlying mechanisms by which memory is enhanced through physical exercise 
training is not yet fully understood. According to Lista and Sorrentino (2010) the 
basic mechanisms associated with exercise can occur at two levels, supramolecular 
and molecular. At the supramolecular level, there is evidence that exercise induce 
angiogenesis thereby enhancing blood flow to neural tissue (Isaacs et al., 1992; Black 
et al., 1990). Exercise has also been associated with neurogenesis and neural cell 
proliferation in the hippocampus in elderly rats (van Praag et al., 2005). In line with 
the findings in rodent, Colcombe and colleagues (2003) showed that a higher 
cardiorespiratory fitness level (VO2 max) was associated with a reduced loss of grey 
and white matter in frontal and temporal regions in older adults. At the molecular 
level, there are numerous molecules that are affected by exercise. For instance, 
rodent studies have shown that there are exercise-related changes in the amount of 
molecular growth factors such as brain-derived neurotrophic factor (BDNF) or 
insulin-like growth factor 1 (IGF-1), which play important roles in angiogenesis, 
neuroprotection and neuroplasticity (Bherer et al., 2013; Lista and Sorrentino, 2010). 
Recently, there is increasing interest in the effects of exercise on the augmented 
inflammatory processes going on in the brains of elderly. Large cohort studies 
assessing the relationship between self-reported physical activity levels and systemic 
markers of inflammation consistently demonstrates an inverse relationship between 
physical activity and inflammatory biomarkers, even at relatively modest activity 
levels (Woods et al., 2012; Yu et al., 2009; Elosua et al., 2005; Albert et al., 2004; 
Colbert et al., 2004; Reuben et al., 2003; Taaffe et al., 2000). These findings are 
confirmed by longitudinal studies demonstrating reduced inflammatory biomarkers 
after several weeks of exercise (Woods et al., 2012). Dekker and colleagues (2007) 
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demonstrated that a 12-week exercise intervention led to reductions in interleukin 
6 (IL-6) concentrations at rest. IL-6 is both an anti-inflammatory and pro-
inflammatory cytokine and can be released from different cell types (Nybo et al., 
2002; Gruol and Nelson, 1997). IL-6 released from muscle tissue during or 
immediately after a bout of exercise exert anti-inflammatory effects by suppressing 
pro-inflammation factors. At rest, the release of IL-6 from skeletal muscle is minimal, 
with the majority being produced from adipose tissue and leucocytes, which is 
thought of as pro-inflammatory (Nimmo et al., 2013; Fischer, 2006). Thus, physical 
exercise is a promising low-cost treatment counteracting age related chronic 
inflammation which may improve episodic memory function in the elderly. 
Episodic memory and age-related diseases (type 2 diabetes)  
Aging is the basis for the development of age-related diseases such as cancer, 
neurodegenerative diseases and type 2 diabetes (Höhn et al., 2017). Aging is known 
to be an important determinant of type 2 diabetes (T2D) with a prevalence of about 
2% in young adults to 18% in the elderly (Choi and Shi 2001; Ott et al., 1996; Harris 
et al., 1987). T2D is a metabolic disease characterized by insulin resistance and 
relative, rather than absolute, insulin deficiency (Gispen and Biessels, 2000). Studies 
revealed that T2D patients suffer from impairment in a variety of cognitive domains: 
T2D has been associated with decreased psychomotor speed (Gregg et al., 2000; 
Reaven et al.,1990), processing speed (Messier et al., 2005), complex motor 
functioning (Reaven et al.,1990), verbal fluency (Kanaya et al., 2004; Reaven et 
al.,1990), attention (Fontbonne et al., 2001), executive function (Munshi et al., 2006; 
Reaven et al.,1990; Perlmuter et al., 1984) and several domains of memory  (Munshi 
et al., 2006; Messier et al., 2005; Grodstein et al., 2001; Mooradian et al., 1988; 
Perlmuter et al., 1984). Among these impairments, the most robust and frequently 
reported cognitive deficits in T2D are those that relate to episodic memory (Jones et 
al., 2014).  
In recent years, numerous studies have utilized MRI techniques to study the 
pathophysiological mechanisms underlying T2D related cognitive decline.  Structural 
imaging studies revealed that T2D is associated with increased loss of neurons 
(atrophy), a higher occurrence of infarcts caused by blocked blood vessels, and white 
matter hyperintensities throughout the brain (Jones et al., 2014). Most studies 
report accelerated gray matter loss in medial temporal, anterior cingulate, and 
medial frontal lobes, and white matter loss in frontal and temporal regions that 
correlated with memory performance (Jones et al., 2014; Moran et al., 2013; Bruehl 
et al., 2009). However, macrostructural abnormalities visible in structural MRI reflect 
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end-stage effects of impaired tissue (van Bussel et al., 2017).  Potentially more-
sensitive MRI techniques, such as functional MRI (fMRI) and magnet resonance 
spectroscopy (MRS) can be used, which may lead to a better insight into the 
mechanisms that precede macrostructural (end-stage) abnormalities. In this regard, 
Zhou and colleagues (2010) showed that T2D patients exhibit reduced resting-state 
hippocampal functional connectivity to surrounding bilateral brain regions including 
the fusiform gyrus, temporal gyrus and frontal gyrus. Moreover, Cui and colleagues 
(2014) showed decreased resting-state brain activity in T2D which was associated 
with poorer memory performance. The changed pattern of neural 
activation/functional connectivity in T2D patients may be, at least partly, attributed 
to a malfunctioning neurotransmitter system. Several animal studies indicate that 
T2D is associated with an impaired neurotransmitter (glutamate and GABA) 
homeostasis in the brain (Sickmann et al., 2010; Kamal et al, 2006; Martinez-Tellez 
et al, 2005; Galanopoulos et al, 1988).  In line with the animal findings, Sinha and 
colleagues (2014) utilized MRS and found an increased glutamate/glutamine 
concentration in the right frontal region of T2D patients. Moreover, Bussel and 
colleagues (2016) reported an increased GABA concentration in the occipital lobe of 
T2D patients that was related to lower cognitive performance. Together, the 
application of advanced neuroimaging techniques to study T2D associated 
accelerated episodic memory decline is important as we expect to obtain new 
insights regarding affected brain regions, networks, and neurochemical 
abnormalities. Furthermore, MRI techniques could shed some light on the course 
and efficacy of therapies like diet, exercise or medication thereby encourage the 
invention of innovative therapies.  
 
Summary and open questions  
Episodic memory is an important human capability that appears to deteriorate as we 
get older. Fortunately, lifestyle factors such as regular physical activities appear to 
counteract the episodic memory decline.  
 
It is assumed that episodic memories are initially hippocampally dependent, but with 
time, there is a transition from a hippocampal to a medial prefrontal “centered” 
episodic memory network which may be mediated by thalamic structures as 
suggested by animal studies.  Functional imaging studies have already shown that 
elderly have decreased activity in the hippocampus during episodic memory tasks 
but it is unknown if there is also decreased interaction within the hippocampus-
thalamus-medial prefrontal network and whether this is associated with the 
increased inflammatory processes occurring in older brains.  Age related diseases 
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such as T2D can even cause an accelerated episodic memory decline. In this regard, 
recent studies revealed an association between abnormal GABA and glutamate 
concentrations and lower general cognitive performance in T2D patients. However, 
whether GABA and glutamate abnormalities are specifically related to the 
accelerated episodic memory decline in T2D remains to be elucidated.  
In the present thesis we set out to investigate the contribution of the mPFC-
thalamus-hippocampus network in episodic memory. In particular we aimed to 
address the following questions:  
 
Q1: What is the relevance of the thalamus in episodic memory? 
 
Q2: Are GABA and glutamate concentrations related to mPFC-thalamus-    
        hippocampus functional connectivity and episodic memory performance.    
  
Q3: What is the effect of inflammation on mPFC-thalamus-hippocampus functional      
        connectivity in healthy elderly.   
 
Q4: Do T2D patients have GABA and/ or glutamate abnormalities in the mPFC-   
        thalamus-hippocampus network and is this related to episodic memory  
        performance. 
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Outline of this thesis: Here I will briefly introduce the experiments performed to 
address the open questions. We first assessed the potential role of the thalamus in 
systems consolidation (chapter 2) by utilizing PPI analysis to probe episodic memory 
related functional connectivity within the mPFC-thalamus-hippocampus network 
over time. In this regard, we reanalyzed a unique data set from a prospective four-
session fMRI study, which contrasted recent and progressively more remote memory 
retrieval over the course of 90 days (Takashima et al. 2006). In the second 
experiment (chapter 3), we combined 1H magnetic resonance spectroscopy (MRS) 
and functional connectivity (PPI) analysis to probe neurotransmitter (GABA; 
glutamate/glutamine) dynamics and its relation to memory related functional 
connectivity within the mPFC-thalamus-hippocampus network. Experiments three 
(chapter 4) and four (chapter 5) were performed to investigate potential effects of 
aging across the pathological continuum in the mPFC-thalamus-hippocampus 
network. In experiment three, we assessed whether aerobic activity in the healthy 
elderly is associated with lower systemic inflammation and mPFC-thalamus-
hippocampus functional connectivity. In experiment four, we assessed whether T2D 
patients have abnormal GABA and/or glutamate concentrations in the mPFC and 
whether this is related to T2D related accelerated episodic memory decline.  
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CHAPTER 2 
 
Transient relay function of midline thalamic nuclei 
during long term memory consolidation in humans 
 
Jan-Willem Thielen, Atsuko Takashima, Femke Rutters, Indira 
Tendolkar and Guillén Fernández 
 
 
 
 
 
 
 
______________________ 
This chapter was published as: Thielen JW, Takashima A, Rutters F, Tendolkar I, 
Fernández G (2015) Transient relay function of midline thalamic nuclei during long-
term memory consolidation in humans. Learn. Mem., 22: 527–531. 
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Abstract:  
Classical views on systems consolidation describe an initial stage in which the 
hippocampus binds together distributed neocortical representations during recent 
memory retrieval, whereas the medial prefrontal cortex mediates binding processes 
for retrieval of remote memories. Since the hippocampus and medial prefrontal 
cortex are not reciprocally connected in a direct fashion, the midline thalamic 
nuclear group may serve as a transient relay station until the medial prefrontal 
cortex can bind distributed representational areas in posterior brain regions. To test 
this hypothesis in humans, we re-analyzed a unique data set of a prospective 
functional MRI study on systems consolidation, contrasting recent and progressively 
more remote memory retrieval over the course of 90 days. Using seed-based 
functional connectivity analyses, we reveal a transient thalamic connectivity 
between the hippocampus, the medial prefrontal cortex and a posterior 
representational area in the parahippocampal cortex, which decreased with time. 
This dynamic change was paralleled by progressively increasing medial prefrontal – 
parahippocampal connectivity. These findings are in line with a model in which 
thalamic midline nuclei serve as hubs between the hippocampus, the medial 
prefrontal cortex and posterior representational areas during an intermediate state 
of systems consolidation. Thus, our results extend the classical systems consolidation 
models by attributing a transient role to midline thalamic nuclei in memory retrieval 
during the reorganization processes that episodic memories undergo after initial 
encoding. 
 
Introduction  
The systems consolidation theory describes an initial stage in which the 
hippocampus binds together distributed neocortical representations during retrieval 
of recent memories. These neocortical representations that code specific event 
features are located in sensory specific and unspecific representational areas in 
posterior parts of the brain and are used during initial encoding. With consolidation, 
interconnectivity between these representational areas stabilizes, allowing retrieval 
of remote memories to be independent of the hippocampus (Alvarez and Squire, 
1994; McClelland et al., 1995). Accumulating evidence from animal and human work 
has extended this view by showing evidence for medial prefrontal cortex (mPFC) 
involvement during remote memory retrieval (Bontempi et al., 1999, Takashima et 
al., 2006; Takehara-Nishiuchi and McNaughton, 2008). The mPFC appears to interact 
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with posterior representational areas during retrieval of remote memories 
(Frankland and Bontempi, 2005), potentially binding them (Wheeler et al., 2013).  
The mechanism underlying the transition from a hippocampus-dependent to a 
mPFC-dependent memory is largely unknown. However, it seems plausible that 
there is intense “crosstalk” between the hippocampus and mPFC during this process. 
Kesteren and colleagues (2010) reported a hippocampus-mPFC interaction when 
novel information that did not fit a consistent prior associative schema was encoded. 
However, from a neuroanatomical perspective, the connection between mPFC and 
hippocampus is unidirectional and rather unevenly distributed over the 
hippocampus (Vertes et al., 2007; Hoover and Vertes, 2012). Therefore, it is likely 
that mPFC to hippocampus interactions are mediated via a subcortical relay station.  
Since thalamic midline structures such as the nucleus reuniens and rhomboid 
nucleus are reciprocally connected to both the mPFC and hippocampus, they have 
the potential to serve as a relay station between both regions during memory 
processing (Aggleton and Brown, 1999; Vertes et al., 2006; Vertes et al., 2007; 
Hoover and Vertes, 2012; Cassel et al., 2013; Wheeler et al., 2013). Indeed, animal 
data have shown that the nucleus reuniens acts as a relay station between the mPFC 
and hippocampus during memory formation to determine the specificity and 
generalization of memory attributes (Xu and Südhof, 2013). Furthermore, these 
thalamic midline structures are also anatomically connected to posterior 
representational areas (Van der Werf et al. 2002; Cassel et al., 2013), allowing them 
to connect the mPFC, hippocampus and posterior representation areas.  
To probe the role of the midline thalamus in systems consolidation, we re-analyzed 
a dataset from a prospective functional MRI study, which contrasted recent and 
progressively more remote memory retrieval over the course of 90 days (Takashima 
et al., 2006). In this paradigm, on day 1 subjects studied 320 scenic photographs 
(initial study list). Another encoding session took place after a rest/sleep in the 
afternoon where subjects studied 80 new photographs (prescan list). This was 
followed by a recognition memory test in the scanner. During scanning, a set of 
photographs consisting of 80 remote photographs (from the initial study list), 80 
recent photographs (prescan list), and 80 new photographs were shown and subjects 
had to indicate whether a photograph had been seen before or not. On days 2, 30, 
and 90, subjects again encoded 80 new pictures before the recognition test in the 
scanner. Takashima and colleagues showed that retrieval-related hippocampal 
activity decreased, whereas mPFC activity increased over time, reflecting systems 
consolidation. In the present study, we extend these findings by performing a 
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functional connectivity analysis, with the goal of revealing evidence for the 
involvement of thalamic midline structures in human systems consolidation.  
First, we investigated whether the thalamic midline structures enable initial 
interaction between the mPFC, the hippocampus and posterior representation 
areas. Second, we aimed at elucidating whether such a midline thalamic “relay” 
function is only transient and diminishes as retrieval becomes hippocampal 
independent and more dependent on direct neocortical “communication”.  
Materials and Methods 
Subjects: Twenty-four subjects participated (12 women, 5 left-handed, mean age: 
24.8+- 1.1 years). None of the subjects used any medication at the time of study or 
had a history of drug abuse, head trauma, neurological or psychiatric illnesses. 
Subjects reported consistently sleeping 6 to 9 h per night.  
Stimuli: We used 960 color photographs displaying large-scale spatial layouts of 
natural landscapes with or without buildings (480 in each category). Photographs 
were similar in terms of brightness, contrast and overall visual complexity.  
Behavioral Procedure: On day 1 (09:00 hours), subjects were instructed to memorize 
320 photographs (160 building photographs and 160 landscape photographs; 
presentation time 5.5 s; interstimulus interval 125 ms). To encourage memory of the 
stimuli, subjects were given specific examples of learning strategies, such as ‘‘Where 
do you think the place is?’’, ‘‘Where on the picture would you like to be most?’’  and 
‘‘Look for very special, distinct objects on the picture.’’ To monitor item processing, 
we introduced a building - no building decision task in which subjects were instructed 
to press a “yes“ button when there was a building present in the picture, and a 
"no“ response if there wasn’t. 
After lunch at 12:30 PM, subjects were allowed to rest and sleep. The rest session 
was followed by another encoding session during which subjects studied 80 new 
photographs with identical encoding instructions and presentation parameters to 
those of the initial encoding session. This was followed by the recognition test in the 
scanner 10 to 30 min later. During scanning, subjects performed a recognition 
memory test on a randomly intermixed set of photographs consisting of 80 remote 
photographs (initial study list), 80 recent photographs (post rest list), 80 new 
photographs and 80 null events (identical to the fixation cross inter-stimulus 
interval). Presentation time for the photographs was 800 ms, mean inter-stimulus 
interval was 4600 ms (range: 3600–5600 ms) and the presentation time for the null 
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events was 2000 ms. The following response categories were offered: “Indicate 
whether (1) the picture is definitely one of the studied items, (2) the picture is 
definitely new, or (3) I am not sure whether it was studied or not”. 
On days 2, 30, and 90, subjects were again presented with 80 new pictures before 
the start of the recognition test in the scanner (see Takashima et al. for additional 
information on the study design). The overall design allowed us to contrast brain 
functional connectivity associated with the retrieval of recent memories (items 
studied just prior to scanning) with retrieval of progressively more remote memories 
(items from the initial study list on day one) over the course of 90 days. Throughout 
the experiment, all recent and all remote pictures were shown only twice (once 
during the study session and once in the recognition test). The assignment of pictures 
to the three trial types (remote, recent, new) was counterbalanced across subjects. 
MRI Data Acquisition: For fMRI, we used a T2*-weighted echo-planar imaging 
sequence with ascending slice acquisition (Sonata 1.5 T, Siemens, Munich; 33 axial 
slices; volume repetition time (TR), 2.29 s; echo time (TE), 30 ms; 90° flip angle; slice 
matrix, 64 × 64; slice thickness, 3.0 mm; slice gap, 0.5 mm; field of view, 224 mm). 
For structural MRI, we used a T1-weighted MP-RAGE sequence (176 sagittal slices; 
volume TR, 2.25 s; TE, 3.93 ms; 15° flip angle; slice matrix, 256 × 256; slice thickness, 
1.0 mm; no gap; field of view, 256 mm). 
MRI Data Preprocessing: Using SPM2 (www.fil.ion.ucl.ac.uk/spm/software/spm2), 
functional images were realigned, and the subject mean was co-registered with the 
corresponding structural MRI by using mutual information optimization. These 
images were subsequently slice-time corrected, spatially normalized and 
transformed into a common space, as defined by the Montreal Neurological Institute 
(MNI) T1 template, as well as spatially filtered by convolving the functional images 
with an isotropic 3D Gaussian kernel (10 mm full width at half maximum).  
Functional Connectivity Analysis: To probe changes in functional connectivity over 
the course of the experiment, we performed a psychophysiological interaction (PPI) 
analysis embedded in SPM8 (www.fil.ion.ucl.ac.uk/spm/software/spm8) for all four 
scan sessions. The PPI analysis is a method that assesses task-sensitive changes in 
connectivity between brain regions. Therefore, across the whole brain, it is possible 
to identify regions that have activity that is more correlated with seed region activity 
in one experimental condition than in another. A common approach for defining the 
seed region is to select voxels that revealed an effect in a group activation analysis. 
Alternatively, the seed region may also be defined anatomically, if there is a 
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hypothesis about a particular anatomical region (O’Reilly et al., 2012). To prevent 
the problem of circularity (Kriegeskorte et al., 2009) the GLM included the 
psychological and physiological time courses, from which the interaction term is 
derived, as covariates of no interest. This means that the variance explained by the 
interaction term is over and above what is explained by the main effects of the task, 
such as what is found in the activation analysis (O’Reilly et al., 2012). 
Given our hypothesis regarding the thalamic midline structures as a transient hub 
for memory retrieval and the mPFC as a hub region for remote memory retrieval, we 
defined these two areas as seed regions for our PPI analyses (figure 1 A and B). The 
thalamic seed was defined by WFU_pickatlas (midline nucleus) implementing the 
dilate function (1.3D), but excluding all voxels outside the thalamus. We note that 
because dilating and smoothing cause an “extension”, so that the thalamic seed 
region is not restricted to the true midline nucleus. Nearby thalamic nuclei, such as 
the anterior and medial dorsal nuclei, may contribute to the results we report. The 
medial prefrontal seed was defined as an 8 mm sphere centered around the peak of 
the remote memory effect initially reported (peak MNI coordinate [-2 32 -10], 
Takashima et al. 2006).  
MRI data analysis: To analyze changes in functional connectivity of these two seeds, 
we conducted separate PPI analyses, one for the thalamus and another for the mPFC. 
In line with the previous study by Takashima and colleagues (2006), we modelled the 
trials in which the participants correctly recognized the picture as studied with high 
confidence, and contrasted those trials that were in the initial study session (remote 
hits) to those in the recent study session (recent hits). Only this contrast (remote hit 
over recent hit) makes it possible to probe consolidation related dynamic changes 
over the course of 90 days. For each seed region and for each session, the first eigen-
variate of the time course of the voxels within the seed region was extracted as the 
physiological factor. Next, the onset times for remote hits and recent hits were 
temporally convolved with the canonical hemodynamic response function (weighted 
with +1 for remote and -1 for recent hit condition; psychological factor). Finally, an 
interaction factor (ppi) was calculated as an interaction term of physiological and 
psychological factors. A GLM was conducted with the PPI regressors (physiological, 
psychological and interaction factors) of a seed region together with the other 
experimental condition regressors: onsets of remote hits, recent hits, new [correct 
rejections], null [fixation cross], misses [incorrect responses] temporally convolved 
with the hemodynamic response function provided by SPM8, and the six motion 
regressors derived from realignment parameters during preprocessing of the 
functional scans. A high pass filter was implemented using a cut-off period of 128 s 
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to remove low-frequency effects for the time series. Then, the subject-specific 
contrast images for the interaction term (ppi) of each scan session were used as 
inputs for the second-level random effects analysis. In line with the study by 
Takashima and colleagues (2006), we used power laws as contrasts to analyze the 
change in functional connectivity over the four scan sessions, weighting each 
regressor with the following: decrease in connectivity with time 3.0, -0.5, -1.0, -1.5 
and increase in connectivity with time -3.0,  0.5,  1.0,  1.5.  
For the whole brain analysis, we initially used the brain map threshold of P = 0.001 
(voxel level, uncorrected), to provide input for our test statistics on a cluster-size 
with a threshold of P ≤ 0.05 (family-wise error corrected). Given our a priori 
hypothesis that thalamic midline structures relay between the hippocampus and 
mPFC, we additionally reduced our search space by applying small-volume 
correction (P ≤ 0.05, family-wise error corrected) within our regions of interest: the 
hippocampus and the mPFC. We defined spheres with a 10mm diameter centered at 
the maxima of the recent and remote memory effects in the initial report (left 
hippocampus: MNI=-32-10-18, right hippocampus: MNI= 32-4-26, and mPFC: MNI=-
2 32 -10).  
Results 
 
Recognition Memory Performance: As has been described by Takashima and 
colleagues (2006), we calculated dprime (d’) as recognition memory performance. 
Recognition memory performance for recent items remained at above chance level 
throughout the study (day 1: mean d`: 1.9, SD: 0.63; day 90: mean d`: 1.8, SD: 0.57) 
and stable over time (effect of time: F(3, 19)=.64, P=.59). Also remote items were 
remembered at above chance level over the course of the four assessments (day 1: 
mean d`: 1.4, SD: 0.51; day 90: mean d`: 0.46, SD: 0.32). Performance deteriorated, 
as expected, over time (effect of time: F(3, 19)=28.21, P<.001). This decline was not 
evident between day 1 and day 2 (t = 0.9, P = 0.36), but was evident between day 2 
and day 30 (day 30: mean d’ =0.7 SD: 0.34; t = 7.9, P < 0.001) as well as between day 
30 and day 90 (t = 2.2, P < 0.05). 
Imaging results: We hypothesized that the midline thalamus mediates between the 
mPFC and hippocampus during the retrieval of memories that have not yet been 
consolidated. Furthermore, we hypothesized that during the retrieval of such 
memories, the midline thalamus mediates not only between the hippocampus and 
mPFC, but also interacts with sensory-specific areas where aspects of the memories 
are represented. Since we used pictures of large-scale scenes as stimuli, we expected 
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the “parahippocampal place area” (Epstein, 2005) to be involved in their 
representations and therefore we predicted that this area interacts with the midline 
thalamus. The Systems consolidation theory suggests that memory retrieval 
becomes hippocampally independent over time and in turn becomes dependent on 
direct neocortical “communication”. Based on this, we assumed that thalamic 
mediation diminishes over time and that this change occurs with an increased 
“communication” between mPFC and specific representational areas. In other 
words, we expected decreases over time in functional connectivity between the 
midline thalamus and the mPFC, hippocampus and posterior parahippocampal gyrus 
as well as increases in functional connectivity between the mPFC and posterior 
parahipocampal gyrus (see figure 1 C).  
To test our hypotheses, we performed PPI analysis with the contrast remote hits over 
recent hits. Since we did not find evidence for behavioral changes over time for 
recent hits (accuracy or reaction time), we assumed brain connectivity patterns 
would also be stable for this condition. Thus, recent hits served as a baseline for 
comparing changes in functional connectivity underlying progressively more remote 
memory retrieval. Note that subsequently, we will use the phrase “decreasing 
connectivity” when connectivity between two brain regions is strong for remote 
memories on day one, but becomes increasingly weaker over the course of the 
experiment  relative to connectivity underlying recent memory retrieval. The phrase 
“increasing connectivity” is used for the opposite contrast, i.e. connectivity for 
remote memory retrieval that continues to increase relative to connectivity for 
recent memory.   
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Figure 1. In (A) the midline thalamus and in (B) the mPFC seeds used in the functional 
connectivity analyses are depicted. The thalamic seed was defined by WFU_pickatlas (midline 
nucleus) implementing the dilate function (1.3D), but excluding all voxels outside the 
thalamus. We note that because dilating and smoothing cause an “extention,” so that the 
thalamic seed region is not restricted to the true midline nucleus. Nearby thalamic nuclei, such 
as the anterior and medial dorsal nuclei, may contribute to the results we report. The mPFC 
seed was defined as an 8-mm sphere centered around the peak of the remote memory effect 
(peak MNI coordinate [-2, 32, -10]) initially reported by Takashima et al. 2006. In C, a schematic 
depiction of the hypothesis is depicted. Blue lines indicate midline thalamus functional 
connectivity that are increased on day 1 relative to a baseline (for the retrieval of 2-h old 
memories) and then decreased over the time course of 90 d following a power law function. 
The red line indicates the increasing connectivity of the mPFC to the same posterior 
parahippocampal cortex region that decreased its functional connectivity with the midline 
thalamus over the time course of 90 days. Black dotted lines are suggestive for the baseline 
functional connectivity of the recent condition. 
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With respect to the midline thalamus seed (figure 1A), we first performed a whole 
brain analysis. As seen in figure 2D, decreased connectivity was observed in the left 
and right posterior parahippocampal gyri (left peak MNI= -32 -40 -14; FWE corrected, 
p < 0.01; right peak MNI=34 -32 -18; FWE corrected, p < 0.02) and Brodmann area 6 
(MNI=-8 6 52; FWE corrected, p < 0.03). No significant effect regarding increased 
connectivity from the midline thalamus was observed. Next, we applied a region of 
interest analysis for the hippocampus and mPFC when seeding from the midline 
thalamus. While we observed decreased connectivity with the left hippocampus 
(maxima at MNI= -28 -16 -24, p < 0.05; figure 2A and 2C), the effect in the right 
hippocampus just failed to be significant (MNI=23 -10 -26, p = 0.09).  Also, we 
revealed evidence for a progressive decrease in thalamic-mPFC connectivity over the 
four scan sessions (maxima at MNI= -2 38 -16, p<0.04; figure 2B and 2C).  Together 
and in line with our hypothesis, we found that the midline thalamus shows initially 
stronger functional connectivity to the mPFC, hippocampus, and posterior 
parahippocampal gyrus, which decreased over time.  
 
In a second step, we probed mPFC - posterior parahippocampal gyrus connectivity 
by selecting the cluster, defined by decreasing connectivity with the thalamic seed, 
as reduced search space.  We observed progressively increasing connectivity of the 
mPFC with the left parahippocampal cortex (maxima at MNI= -34 -40 -10; FWE 
corrected, p < 0.05; figure 3, yellow/green cluster).  Thus, in line with our hypothesis, 
the decreasing connectivity of the midline thalamus was accompanied by increasing 
connectivity between the mPFC and the posterior parahippocampal gyrus. 
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Figure 2: Midline thalamus functional connectivity decrease over time. Midline thalamic 
functional connectivity maps are overlaid onto a standard brain (MNI). A) Clusters in the left 
hippocampus (cyan; maxima at MNI= -24 -10 -24, FWE corrected, p < 0.05) and B) the mPFC 
(dark blue; maxima at MNI= -2 38 -16, FWE corrected, p<0.04) decreased their functional 
connectivity with the midline thalamus over time. The right hippocampal cluster just missed 
the statistical significance (p= .092). C) The mean connectivity beta values of the left 
hippocampus (cyan) and the mPFC (dark blue) clusters are plotted over the time course of 90 
days. D) The left and right posterior parahippocampal gyri (dark blue; left peak MNI= -32 -40 
-14; FWE corrected, p < 0.01; right peak MNI=38 -40 -26; FWE corrected, p < 0.02), and 
Brodmann area 6 in the frontal lobe (dark blue; MNI=-8 6 52; FWE corrected, p < 0.03) showed 
decreased functional connectivity over time in the whole brain analysis.  
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Figure 3: mPFC functional connectivity change over time. Midline thalamic and mPFC 
functional connectivity maps are overlaid onto a standard brain (MNI). Increasing functional 
connectivity with mPFC and decreasing functional connectivity with midline thalamus 
overlapped in the left posterior parahippocampal gyrus. Red = cluster that increased 
functional connectivity with mPFC over 90 days (maxima at MNI= -34 -40 -8; FWE corrected, 
p < 0.05). Blue = cluster that decreased functional connectivity with midline thalamus over 90 
days. Pink = overlap between the two regions (left panel). Mean connectivity beta values of 
the mPFC (red) and midline thalamus (blue) cluster over the time course of 90 days (right 
panel). 
 
Discussion  
Here we investigated the potential “relay” function of thalamic midline structures 
during memory consolidation in humans. We observed that the retrieval of two 
hours old remote memories is accompanied by a transient thalamic connectivity 
increase to the hippocampus, mPFC and posterior parahippocampal cortex. This, 
however, weakened with remoteness. Importantly, the mPFC connectivity with the 
same posterior parahippocampal region that was linked to the midline thalamus in 
the first analysis showed the opposite pattern and increased its strength with time.  
 
Rodent studies have revealed direct hippocampal efferents from CA1 and subiculum 
to the mPFC, but there are no direct mPFC efferents projecting back to the 
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hippocampus. This connection is indirectly routed via thalamic midline structures in 
rats, which are reciprocally connected with both the hippocampus and mPFC (Van 
Der Werf et al., 2002; Vertes et al. 2007; Hoover and Vertes, 2012; Cassel et al., 
2013). Additionally, these thalamic midline nuclei are connected to representational 
areas including the parahippocampal cortex (Van der Werf et al. 2002; Cassel et al., 
2013 ), which increased its connectivity with the mPFC later in systems consolidation 
as shown in rats (Frankland and Bontempi, 2005). Thalamic midline nuclei are also 
densely connected to the nucleus reticularis thalami (Van Der Werf et al., 2002; Van 
Der Werf et al., 2003; Cavdar et al., 2008; Cassel et al., 2013), which surrounds the 
thalamus and is part of the cortico-thalamic network. The nucleus reticularis thalami 
has been associated with the generation of synchronized oscillations (Steriade et al., 
1993a; Steriade et al., 1993b; Slotnick et al., 2002 ). Together with the midline nuclei 
they have the potential to engage distributed cortical areas in synchronized 
oscillations (Saalmann, 2014), a process highly associated with the integration of 
distributed information (Engels et al., 1997) and the potentiation of synaptic 
strength (Houweling et al., 2002; Buzsáki and Draguhn, 2004; Moga et al.,2006; 
Tsanov and Manahan-Vaughan,2009; Popa et al., 2010; Plankar et al.,2013; Kenney 
and Manahan-Vaughan, 2013). Moreover, the interaction between the nucleus 
reticularis thalami and midline thalamus has been associated with the regulation of 
cortical arousal required for higher cognitive functions such as mnemonic processes 
(Van der Werf et al., 2003; Lam & Sherman, 2011; Leon-Dominguez et al., 2013).  
Thus, the midline thalamus may contribute to mnemonic processes by means of 
synchronization to integrate cortically distributed information and/or by adjusting 
the activation level of distributed brain regions.  
 
We found dynamic changes in functional connectivity strength not only between the 
midline thalamus, hippocampus and mPFC, but also between the midline thalamus 
and posterior representational areas in the parahippocampal cortex. The posterior 
parahippocampal cortex is highly associated with the processing of visual scenes as 
used here (Epstein, 2005). Within the retrieval network, thalamic midline structures 
revealed stronger functional connectivity during memory retrieval after a short delay 
(2h, including sleep in most subjects) as compared to memories formed prior to test 
on day 1 (recent memory), but this  connectivity strength decreased for more remote 
memories (24h, 30 days, or 90 days delay). This pattern of results may indicate that 
during the short rest/sleep period on day 1, offline consolidation process had already 
caused initial systems consolidation.  Memory retrieval of such “partly” consolidated 
memories may require more hippocampal-medial prefrontal cooperation, as 
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compared to memories that are still fully hippocampal dependent or already 
neocortically represented.  
In what follows, we will discuss our findings in light of two different, but not mutually 
exclusive, models. It is important to note that the functional connectivity parameters 
are only indicative of functional interactions between brain regions in a given task, 
which provide only correlational evidence without direction or causality. Moreover, 
PPI parameters do not provide information about the underlying neuronal 
mechanisms and cannot reveal whether different brain regions share the 
computation of information or if one brain region provides information for another. 
Nonetheless, our findings are consistent with models that are based on 
neurophysiological data describing functionally specific thalamo-cortical interactions 
(Slotnick et al. 2002) that enable feature binding (Engel et al. 1997). In this 
framework, the retrieval of “partly” consolidated memories may require increased 
midline thalamic support in binding or integrating cortically distributed information. 
With time, the synaptic strength between the different cortical areas (here the mPFC 
and posterior parahippocampal region) increases, rendering midline thalamic 
binding processes less relevant. 
An alternative interpretation is that the midline thalamus is involved in adjusting the 
activity level of cortical structures relevant for mnemonic processes. As described by 
Van der Werf et al. (2003) and Pereira de Vasconcelos and Cassel (2015) the midline 
thalamic nuclei (and intralaminar nuclei) may control the dispersion of activity 
providing the appropriate cortical activation level necessary to carry out a cognitive 
process. This assumption is in line with the findings of Xu and Südhof (2013), which 
provide evidence in mice that the mPFC controls hippocampal activation levels 
during memory encoding via the nucleus reuniens. They showed also that this 
interaction determines how specific/generalized a memory trace becomes. The 
authors proposed that increased hippocampal activation allowed less prominent 
memory features to be incorporated into the overall memory of an event, rendering 
these memories  more specific. Whereas the hippocampus keeps specific 
representations of individual memory episodes, the cortex abstracts common 
features from multiple memories (Xu and Südhof 2013). This means that through 
systems consolidation, memories may become generalized. Based on this model, 
one may speculate that the midline thalamic functional connectivity parameter 
reflects an increased need for mediation that may “compensate” for the loss of 
specificity due to initial systems consolidation. In other words, to retrieve “partly” 
consolidated memories, the mPFC may utilize the midline thalamus to increase the 
activity of hippocampal and posterior representation neurons to reinstate the 
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specific memory trace. When the memories have become fully consolidated, the 
“linking nodes” in the hippocampus are weakened, rendering mPFC mediation of 
hippocampal activation via midline thalamus irrelevant. Although manipulations by 
Xu and Südhof targeted memory encoding, the role of the midline thalamus during 
the early stage of consolidation has also been described: Davoodi et al. (2011) 
showed that midline nuclei are involved in retrieval of memories that are in an early 
stage of consolidation. They found that inactivation of midline nuclei shortly before 
a probe trial, at a 24-h delay, disrupts memory performance. Moreover, evidence for 
an early and transient role of the midline nuclei has also been provided by Davoodi 
et al. (2011). Here, the authors found that reversible inactivation of midline nuclei 
disrupted memory performance in a paired-associate task only if the injections were 
given after a 5-min delay but not at 90- or 360-min delays post training. However, 
our findings are not entirely in line with findings in rodents. For instance, Loureiro et 
al. (2012), who used the Morris water-maze task, found increased C-Fos expression 
in the midline thalamus after a probe trial with a long delay (25 d) compared with a 
probe trial with a short delay (5 d). Moreover, lesioning this region had no effect on 
acquisition or retrieval after a short delay, but it had an effect on memory retrieval 
after a long delay. These findings appear to show that the midline nuclei are not 
involved in the retrieval of memories that are in an “early stage” but in a “later stage” 
of consolidation. One way to reconcile this discrepancy is that mental schema could 
play a role in acceleration of consolidation. Memory can benefit from existing 
schema, and in case newly encoded information can fit into existing knowledge, 
consolidation is speeded up (Tse et al. 2007). Having instructed subjects to relate the 
picture to their knowledge (e.g., “Where do you think the picture is?”), might have 
activated their prior knowledge readily incorporating new information into their 
existing schema, leading to accelerated consolidation process. However, this 
speculation needs to be tested further across different species and tasks. 
Since our seed region could not be restricted exactly to the midline thalamus, the 
dynamic changes we observed for midline thalamic connectivity may also be 
governed by other thalamic nuclei, such as the medial dorsal or anterior thalamus. 
Van der Werf et al. (2003) proposed that midline and medial dorsal/anterior 
thalamus subserve two related functions in declarative memory. Whereas the 
midline thalamus supplies the necessary cortical activation needed to carry out a 
cognitive process, the medial dorsal/anterior thalamic nuclei are more involved in 
focusing on the material that has to be remembered. Thus, our findings may reflect 
aspects of both processes: (a) integration (binding) of distributed memory items 
(model one above) and (b) supporting necessary cortical activation (model two 
above). In other words, the dynamic changes in functional connectivity we report 
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here may be the product of related processes carried out by different thalamic nuclei 
that are anatomically close to each other and not distinguishable by fMRI as used 
here. Therefore, the assumed underlying mechanisms that change over the time 
course of systems consolidation, as described in model one or model two, are not 
mutually exclusive. 
To summarize, the midline thalamic nuclei appear to be involved in memory retrieval 
at an early stage of memory consolidation before the retrieval network becomes 
mainly based on neocortical connectivity between representational areas and the 
mPFC. It seems that midline nuclei are most important when initial consolidation 
processes have taken place but their involvement decreases continuously after 24 h. 
During this transient phase, they appear to interact closely with the hippocampus, 
mPFC and parahippocampal representation areas. Our results suggest an extension 
of classical models of systems consolidation by showing a transient role of thalamic 
midline structures during the reorganization of memories over time. We extended 
the findings of Takashima et al. (2006) that showed a shift of activity from the 
hippocampus to the mPFC by demonstrating an associated change in functional 
connectivity. Our results are in line with a model in which thalamic midline nuclei 
serve as hub between the hippocampus, mPFC and a representational area in the 
posterior parahippocampal cortex during memory retrieval at an early (2 h) stage of 
consolidation. 
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CHAPTER 3 
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Abstract:  
The classical model of the declarative memory system describes the hippocampus 
and its interactions with representational brain areas in posterior neocortex as being 
essential for the formation of long-term episodic memories. However, new evidence 
suggests an extension of this classical model by assigning the medial prefrontal 
cortex (mPFC) a specific, yet not fully defined role in episodic memory. In the present 
study, we utilized 1H magnetic resonance spectroscopy (MRS) and 
psychophysiological interaction (PPI) analysis to lend further support for the idea of 
a mnemonic role of the mPFC in humans. By using MRS we measured mPFC γ-
aminobutyric acid (GABA) and glutamate/glutamine (GLx) concentrations before and 
after volunteers memorized face-name association. We demonstrate that mPFC GLx 
but not GABA levels increased during the memory task, which appeared to be related 
to memory performance. Regarding functional connectivity, we used the subsequent 
memory paradigm and found that the GLx increase was associated with a stronger 
mPFC connectivity to thalamus and hippocampus for associations subsequently 
recognized with high confidence as opposed to subsequently recognized with low 
confidence/forgotten. Taken together, we provide new evidence for an mPFC 
involvement in episodic memory by showing a memory related increase in mPFC 
excitatory neurotransmitter levels that was associated with better memory and a 
stronger memory related functional connectivity in a medialprefrontal-thalamus-
hippocampus network.     
Significance Statement: In the present study, we combined 1H magnetic resonance 
spectroscopy (MRS) and functional magnet resonance imaging (fMRI) to lend further 
support for a role of the medial prefrontal cortex (mPFC) in episodic memory. The 
combination of MRS and fMRI can provide a deeper insight in the neuronal correlates 
of episodic memory since MRS offers additional information in the dynamics of 
biochemistry in an activated brain. By combining these measurements we were able 
to provide new evidence for an mPFC involvement in episodic memory by showing a 
memory related increase in excitatory neurotransmitter levels that was associated 
with better memory and a stronger memory related functional connectivity in a 
memory network. 
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Introduction 
 
The literature on the medial prefrontal cortex (mPFC) is dominated by studies 
regarding its role in decision making (Euston et al., 2012), but recent evidence 
suggests that the mPFC may also play a role in memory (Szczepanski and Knight, 
2014; Preston and Eichenbaum, 2013; Euston et al., 2012; van Kesteren et al., 2013; 
van Kesteren et al., 2012; Takashima et al., 2006; Bontempi et al., 1999). The mPFC 
appears to serve as a critical hub obtaining, integrating and applying knowledge for 
long-term use (Fernández, 2017). This role is supported by anatomical connections 
revealed in non-human primates and rodents showing that the mPFC receives 
unidirectional afferents from the hippocampus (Aggleton et al., 2011; Insausti and 
Munoz, 2001; Barbas and Blatt, 1995) and in turn, has reciprocal connections to 
several thalamic nuclei including anterior, medial dorsal and midline nuclei, which 
are indirectly or directly reciprocally connected to the hippocampus (Aggleton et al., 
2011). Thus, the unidirectional connection from hippocampus to mPFC may be 
reciprocated via routes through the thalamus. Indeed, a recent rodent study showed 
that the mPFC controls the excitability of hippocampal neurons via midline thalamic 
nuclei during fear memory encoding (Xu and Südhof, 2013), and in humans, it has 
been shown that midline thalamic nuclei mediate between mPFC and hippocampus 
during high-confidence memory retrieval (Thielen et al., 2015). Previous imaging 
studies have already shown that successfully and confidentially remembered 
associations lead to increased activation in hippocampal and medial prefrontal 
cortices during encoding (Sperling et al., 2003; Chua et al., 2007; Chua et al., 2004).  
Functional MRI, however, offers only indirect measures of neural activity and does 
not disclose the underlying biological mechanism. Neural activation that is related to 
GABAergic and glutamatergic transmission induces different cellular processes that 
result in long lasting synaptic alterations as for instance long term potentiation (LTP). 
Animal and in-vitro data has shown that manipulating GABAergic and glutamatergic 
transmission via receptor specific ligands has specific effects on LTP (Lüscher and 
Malenka 2012; Maffei 2011: Kullmann and Lamsa 2011). In this regard, it has been 
shown that blocking glutamatergic transmission causes LTP reduction and impaired 
learning (Davis et al., 1992; Stäubli et al., 1994) whereas blocking GABAergic 
transmission facilitates LTP and learning (Stäubli et al., 1999; Kalueff and Nutt 1997). 
Moreover, in animals, it has been shown that forebrain concentrations of glutamate 
and glutamine were increased after passive avoidance learning (Hertz et al., 2003) 
indicating glutamate/glutamine synthesis during learning. The detection of such a 
specific modulation of neurotransmitter concentrations in the human mPFC would 
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lend further support for the proposal that it serves a mnemonic role, because it may 
link it to neural plasticity and not just activity.  Recent progress in MR spectroscopy 
appears to enable measuring learning-related changes in neurotransmitter 
concentrations. By utilizing 1HMR-spectroscopy, it has been shown that learning 
novel motor skills decreases GABA concentrations in the motor cortex (Floyer-Lea et 
al., 2006; Sampaio-Baptista et al., 2015) suggesting a potential role of GABA 
reactivity in associative learning. Also with respect to the mPFC some initial evidence 
is reported. Michels and colleagues (2012) showed a decrease in GABA 
concentration after a working memory task whereas Huang and colleagues (2015) 
revealed an increase in glutamate/glutamine (GLx) when subjects engage in a mental 
imagery task. To date, however, evidence is lacking whether changes in medial 
prefrontal neurotransmitter levels are more clearly associated with memory and 
whether such effects are related to the mPFC-thalamus-hippocampus network. 
In light of these aforementioned findings, the present study aimed at probing 
associative memory networks in the human mPFC-thalamus-hippocampus network 
by utilizing functional connectivity analysis and its relation to task related 
neurotransmitter (GABA/GLx) changes (reactivity) in the mPFC. Therefore, encoding 
related functional connectivity in the mPFC-thalamus-hippocampus network was 
assessed as a function of subsequent memory and its relation to GABA/GLx 
reactivity.   
Materials and Methods 
Subjects: Twenty-seven healthy subjects participated (18 females, all right handed, 
mean age 23.1 years). None of the subjects used any medication, had a history of 
neurological or psychiatric illness, drug abuse or head trauma. The study was 
approved by the local medical ethics committee and written informed consent was 
obtained for each subject.  
 
Experimental design: Subjects underwent initially a MRS scan of a single voxel 
positioned in the mPFC, which was followed by the study phase of a face name 
association task during which whole brain functional images were acquired. 
Thereafter, a second MRS session of the same mPFC voxel was carried out.  After 
scanning, subjects performed a memory test (figure 1).    
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Figure 1: Illustration of the experimental design. Before and after the study phase (fMRI), 
GABA and GLx in the mPFC (black square) were assessed with single voxel MR-Spectroscopy 
(MRS). After scanning, subjects performed a cued-recall memory test  
 
Face-name association task: During fMRI, 120 photographs of unknown faces (half 
males) uniquely associated with names written underneath were sequentially 
displayed at the center of the screen for 2 seconds each (mean ISI: 6.7 s; range: 3 – 
10 s). The faces, were standardized according to several criteria such as no strong 
emotional facial expression, direct gaze contact, no glasses, no beard, no headdress, 
etc. and the length of names ranged from 3 to 8 letters (mean length ± SD = 5.04 ± 
1.23). Subjects were explicitly instructed to memorize the face-name associations for 
a subsequent memory test. To encourage elaboration of the stimuli, subjects were 
asked to judge whether the face fitted well with the name or not. The face-name 
trials were intermixed with 120 trials (each 2 seconds) of visual fixation (null event).  
The fixation (and null event) stimulus was a white fixation cross centered on a black 
background. After the second MRS session, subjects completed a cued-recall 
memory test for all 120 face-name associations outside the scanner. Here, each face 
was presented on the screen, now shown with three names printed in white letters 
below the face; the correct name that was actually paired with the face during 
encoding, and two incorrect names which were originally paired with different faces 
during encoding. Subjects were instructed to indicate which name was correctly 
associated during study and whether they had high or low confidence that they made 
the correct choice. 
Since behavioral research has shown that the subjective feeling of confidence is 
related to the recollection of specific episodic details and memory contend vividness 
(Chua et al., 2004; Robinson et al., 2000; Robinson et al., 1997; Robinson and Jonson, 
1996 ) we assume that the level of confidence reflects the strength and/or 
associative richness of the retrieved memory. In this regard, we assume that 
associations remembered with high confidence reflect strong memories whereas 
associations remembered with low confidence reflect a mixture of familiarity and 
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guesses that occur by chance (Chua et al., 2004; Sperling et al., 2003; Otten et 
al.,2001), which would be functionally equivalent to incorrect responses (see 
memory performance in the result section). Therefore, memory performance was 
determined by the number of high confident remembered minus the number 
incorrect plus the number of low confident remembered associations.  
MR data acquisition: Scanning was performed using a 3 Tesla (Magnetom Trio TIM 
3 T, Siemens, Munich) scanner with a 32-channel head-coil. Before MRS acquisition, 
a three-dimensional T1-weighted structural image was acquired to guide voxel 
placement (MPRAGE; FOV = 240 mm×240 mm, TR = 2300 ms, TI = 1100 ms, TE = 3.03 
ms, 192 slices, spatial resolution = 1×1×1 mm3, flip angle = 8 degrees). Afterwards, 
single voxel edited 1H-MR Spectra from the left ventral medial prefrontal cortex 
(20×20×20mm) were acquired before and after the fMRI task. We performed a 
unilateral analysis to avoid partial volume effects caused by midline CSF and we 
chose the left hemisphere since face-name association learning involves in particular 
left prefrontal cortices (Chua et al., 2004). To ensure that MRS voxel positioning 
before and after fMRI were not distorted by subject movements, an auto alignment 
sequence (AAScout) were run before the structural scan and before each MRS 
acquisition. The AAScout takes two low resolution whole brain scans which were 
utilized to positioning the subject brain according a vendor brain atlas on the 
scanner. Moreover, after positioning of the first MRS voxel according to anatomical 
landmarks (left mPFC, below the bent of corpus callosum) the positioning 
parameters were stored and used for the second MRS voxel positioning. To ensure 
goodness of fit, any cases where shimming resulted in FWHM greater than 20 Hz 
were rejected. Single-volume, MEGA point-resolved spectroscopy (PRESS), J-
difference editing sequence was used to measure GABA and glutamate/glutamine 
(Mescher et al., 1998). For each spectrum (edit on and edit off), 128 spectral scans 
were acquired (TR= 1600 ms, TE= 68 ms,). For functional MRI, we acquired with 
ascending slice acquisition a T2*-weighted echo-planar imaging sequence (31 axial 
slices; volume repetition time (TR), 2.39 s; echo time (TE), 9.4 ms; 90° flip angle; slice 
matrix, 64 × 64; slice thickness, 3.0 mm; field of view, 1344×1344mm).  
MRS data processing: The difference spectra were calculated by subtracting the edit 
on and edit off spectra. The ratio of GABA and glutamate/glutamine (GLx) to NAA 
was determined using the AMARES package (Vanhamme et al., 2001) that is 
integrated within the jMRUI software (Naressi et al., 20001). We have chosen to 
calculate the ratio to relative NAA and not creatine, because GABA and creatine 
resonate at similar frequencies. As a consequence, the creatine peak in the ‘edit off 
spectrum’ is a summation of GABA and creatine and a reduction/increase of GABA 
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would also change the creatine peak in the ‘edit off spectrum’ accordingly.  Prior to 
fitting in jMRUI, all spectra were apodized with a 5 Hz Lorenzian filter (see figure 2  
for a representative edited spectrum). Whereas NAA was modelled from the ‘edit 
off spectra’ as a single Lorentzian peak, GABA and GLx were modelled from the 
‘different spectra’ as a pair of Lorentzian peaks with the same line width as NAA. To 
probe memory related changes in GABA and GLx concentrations, repeated measures 
ANOVA’s were conducted with GABA/NAA and GLx/NAA levels before vs. after the 
fMRI task as inputs. Moreover, we used the difference scores (MRS2 minus MRS1) 
to evaluate the relation of encoding related neurotransmitter reactivity with 
memory performance and functional connectivity. 
 
Figure 2: The figure shows the proton magnetic resonance spectroscopy spectra with the 
editing radiofrequency pulse off (top panel) and on (middle panel). With the editing pulse off, 
a standard spectroscopy spectrum is obtained, allowing quantification of the N-
acetylaspartate (NAA) peak. The spectrum on the bottom is the difference of the spectra ‘edit 
off’ minus ‘edit on’ yielding the γ-aminobutyric acid (GABA) and glutamate-glutamine (Glx) 
peaks.  
52 
 
MRI Data Preprocessing: Using SPM8 (www.fil.ion.ucl.ac.uk/spm/software/spm8), 
functional images were realigned, and the subject mean was coregistered with the 
corresponding structural MRI by using mutual information optimization. These 
images were subsequently slice-time corrected, spatially normalized and 
transformed into a common space, as defined by the Montreal Neurological Institute 
(MNI) T1 template, as well as spatially filtered by convolving the functional images 
with an isotropic 3D Gaussian kernel (8 mm3 full width at half maximum).  
fMRI analysis (determination seed voxels for PPI): In line with our primary aim, we 
probed mPFC-thalamus-hippocampus network properties (as measured with PPI) by 
contrasting successfully remembered with high confidence over low confident 
remembered/incorrect. Therefore, the explanatory variables (onsets for high 
confident remembered; low confident remembered/incorrect; judgement and null 
events [fixation cross]) were temporally convolved with the canonical hemodynamic 
response function along with its temporal derivatives provided by SPM8. For the 
statistical analysis, appropriate contrast parameter images were generated for each 
subject by weighting high confident remembered with 1 and  low confident 
remembered/incorrect with -1 respectively. Subsequently, these contrast images 
were subjected to a second-level random effects analysis in which the brain map was 
initially thresholded with P = 0.001  with a test statistic on cluster-size thresholded 
at P ≤ 0.05 (family-wise error corrected). Since we were interested in encoding 
related effects on GABA/GLx concentrations in the mPFC and its relation to 
functional connectivity in the mPFC-thalamus-hippocampus network, we used the 
memory related brain activation cluster that overlaid with the area of the MRS voxel 
position as seed region for the subsequent PPI analyses. 
Functional Connectivity Analysis: We performed a PPI analysis from the seed region. 
The PPI analysis probed encoding related functional connectivity for face-name pairs 
that were subsequently remembered with high confidence vs low confident 
remembered/ incorrect.  
For the PPI analyses, the first eigenvariate of the time course within the seed region 
was extracted as the physiological factor. Then, the psychological factors were 
computed. Here, the onset times for high confident remembered and low confident 
remembered/incorrect were temporally convolved with the canonical hemodynamic 
response function (weighted with +1 for high confident remembered and -1 for low 
confident remembered/incorrect). Finally, the interaction factors (PPI) were 
calculated as an interaction term of the physiological and psychological factors. In a 
last step, a GLM was conducted with the PPI regressors (physiological, psychological 
and interaction factors) of the seed region together with the other experimental 
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condition regressors (onsets for high confident remembered; low  confident 
remembered/incorrect; judgment and null events [fixation cross]), temporally 
convolved with the hemodynamic response function along with its temporal 
derivatives, and the six motion regressors derived from realignment parameters 
during preprocessing of the functional scans.  
To probe whether functional connectivity is related to neurotransmitter reactivity in 
the mPFC, the subject-specific contrast images for the interaction term (PPI.ppi) 
were used as inputs for a second-level regression analyses with the task related 
changes in neurotransmitter level (MRS after-MRS before) as covariate of interest. 
We used the difference score as covariate to assess whether neurotransmitter 
concentration changes, due to memory related processes, predict functional 
connectivity in the mPFC-thalamus-hippocampus network. For statistical testing, we 
initially thresholded the whole brain map with P = 0.001 to provide input for our test 
statistics on cluster-size threholded at P ≤ 0.05 (family-wise error corrected). Given 
our a priori interest in the mPFC-thalamus-hippocampus network we reduced our 
search space by applying small-volume correction within these brain regions in all 
PPI analyses applying the same statistical threshold (P ≤ 0.05, family-wise error 
corrected).  
Correlation analysis: Pearson’s partial correlations analyses were performed by 
means of SPSS (IBM 21) software to assess the relations between memory 
performance and neurotransmitter and functional connectivity. As aforementioned, 
memory performance was determined by the amount of high confident 
remembered minus the amount of low confident and incorrect remembered 
associations. Regarding the neurotransmitter, we used the difference scores (MRS2 
minus MRS1) as input to evaluate the relation of encoding related neurotransmitter 
reactivity and memory performance. For functional connectivity, we extracted the 
mean beta values of the functional connectivity clusters that reached statistical 
significance. For this purpose, we used MarsBaR toolbox (Brett et al., 2002) to create 
separate masks of the significant clusters which in turn were used in the REX toolbox 
to extract the mean functional connectivity beta-values of each cluster for all 
subjects. We used Bonferroni correction for multiple testing whenever applicable.  
 
 
 
54 
 
Results 
Memory Performance: Subjects correctly identified the name associated with the 
face with high confidence in 36 % and with low confidence in 27 % of the trials. In 
37 % of the trials, the subjects were incorrect. One-sample t-test revealed that 
performance for high confidence remembered (high confidence hit minus high 
confidence false alarm: t(26) = 8.23 p < .0001) was above chance level, whereas low 
confident remembered was at chance level (low confidence hit minus low 
confidence false alarm: t(26) = -0.36 p =.724). Since, low confident responses 
appeared at chance level they are likely not associated with the recollection of 
specific episodic details but rather guessing (Chua et al., 2004; Sperling et al., 2003; 
Otten et al.,2001). Therefore, we used the contrast high confident remembered vs 
low confident remembered plus incorrect in all analyses. Regarding confidence 
rating, we could not find a tendency that some participants always have chosen the 
extreme cases since both, the low and the high confident ratings were normally 
distributed.      
 
MRS analyses: The mean voxel position (center) was x = -6, y= 44 z= -7 in MNI space 
with a mean percentage of 53% (SD = .089) gray matter, 40% (SD = .096) white 
matter and 7% (SD = .025) CSF. First, we assessed whether NAA levels remained 
stable as assumed. A repeated measures ANOVA comparing NAA-levels before and 
after study revealed no significant change (F(1,26)= .17, P= .85). Subjecting GLx/NAA 
ratios of MRS 1 (before study) and MRS 2 (after study) to a repeated measures 
ANOVA revealed a significant increase (F(1,26)= 7.42, P= .011), showing that the 
face-association encoding task was associated with an increase of medial prefrontal 
GLx concentration. An analogue repeated measures ANOVA with GABA/ NAA ratios 
as input did not reveal any significant change (F(1,26)= .24, P= .62, figure 3 B).   
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Figure 3: (A) The functional map is overlaid on the MRIcron template brain (ch256).  The brain 
region (yellow cluster) in the mPFC that showed increased memory related brain activation is 
depicted. The black square indicates the mean position of the MRS voxel, which overlaps with 
fMRI voxels of the activation cluster. Therefore, this activation cluster served as seed region 
for the PPI analyses. (B) The Concentrations of GABA and GLx before and after the fMRI task 
are depicted. Whereas GABA did not change, Glx concentration increased over time. (C) The 
Increase in GLx (MRS 2 minus MRS 1) correlated positively with memory performance (high 
confident remembered minus low confident remembered/incorrect). 
 
fMRI analyses: We contrasted high confident remembered over low confident 
remembered plus incorrect to reveal a seed region for the PPI analyses. Given our a 
priori interest, we reduced our search space to the mPFC–thalamus–hippocampus 
network by applying small‐volume correction within these brain regions. In this 
analysis, we found a significant cluster in the mPFC (maxima = MMI -6 54 -10; p = .03; 
figure 4) that overlapped with the location of the MRS voxel (figure 3 A). Note, this 
activation cluster represents the significant mean group effect and is just a measure 
of central tendency over all participants (Seghier and Price, 2016). This mPFC cluster 
was subsequently used as seed region for the PPI analyses. The whole brain analysis 
revealed differential activation in several brain regions (see figure 4) as for instance 
the hippocampus (maxima= MMI 30 -12 -18; p < .001; maxima= MMI -20 -22 -18; p 
< .001 figure 4), fusiform gyrus ( maxima= MMI 42 -46 -14; p < .001; maxima= MMI -
40 -54 -20; p < .001; figure 4) and left prefrontal cortex (maxima= MMI -34 34 -6; p 
< .001; maxima= MMI -40 -24 20; p < .001 figure 4) 
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Figure 4: The functional maps are overlaid on the MRIcron template brain (ch256). The images 
show the significant brain activation. Brain activation was modeled by weighting high 
confident remembered over low confident remembered/incorrect trials. 
 
PPI: Contrasting encoding related mPFC connectivity pattern for face-name pairs 
subsequently remembered with high confidence compared to low 
confidence/incorrect revealed stronger connectivity to right hippocampus (maxima 
= MMI 28 -4 -22; p = .05). When taking the GLx/NAA difference scores as covariates 
of interest (high confident remembered compared to low confident remembered/ 
incorrect + GLx), we found a positive relation between the GLx/NAA different score 
and mPFC-thalamic connectivity (ventral anterior nuclei: maxima = MMI -6 10 14 / 8 
-14 14; p = .025; dorsal margin: maxima = MMI 20 -16 16; p = .016; figure 5). 
Moreover, we found a positive relation between the GLx/NAA different score and 
mPFC-hippocampus connectivity (maxima = MMI 34 -18 -12; p = .05). Thus, the more 
GLx/NAA increased over the memory task, the stronger the mPFC-thalamic and 
mPFC-hippocampus functional connectivity.  
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Figure 5: The functional maps are overlaid on the MRIcron template brain (ch256). The images 
show the different functional connectivity’s in the mPFC-thalamus-hippocampus network. The 
yellow cluster in the mPFC indicates the seed region for the PPI analyses. The purple cluster 
indicate functional connectivity between the mPFC and the right hippocampus (high confident 
remembered vs low confident remembered/incorrect) not related to GLx. The red clusters 
indicate functional connectivity between the mPFC and thalamus (high condident 
remembered vs low confident remembered/ Incorrect +GLx) and right hippocampus that is 
related to the change in GLx concentration (the more GLx increase the more functional 
connectivity).       
+GLx = covariate GLx (different score). 
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In a next step, we assessed whether the GLx reactivity and the functional 
connectivity parameters are relevant for memory performance. Using Pearson’s 
partial correlation, we found a positive correlation between the GLx/NAA difference 
scores and memory performance across subjects (r= .42; p= .03; figure 3 C).  Hence, 
those individuals with the highest increase in mPFC GLx concentration were those 
that preformed best and vice versa. Moreover, we found a positive correlation 
between memory performance and the mPFC connectivity parameters (mean b-
values) of one thalamic cluster (dorsal margin: r= .39; p= .04) and the hippocampus 
cluster (r= .56; p= .004) that revealed a positive relation between the GLx different 
score and functional connectivity (high confident remembered over low confident 
remembered/ incorrect + GLx; table 1).  
To integrate these findings further, we assessed the relationship between the 
significant correlations by utilizing mediation analysis (Hayes, 2013). We performed 
two separate analyses to test whether the GLx related mPFC-thalamus (dorsal 
margin) and/or mPFC-hippocampus functional connectivity mediated the 
association between GLx reactivity and memory performance. Regarding mPFC-
thalamus (dorsal margin) functional connectivity (figure 6B) we found that the 
standardized regression coefficients between GLx reactivity and memory 
performance (c-path), GLx reactivity and functional connectivity (a-path) as well as  
functional connectivity and memory performance (b-path) were statistically 
significant (see figure 6B). The standardized indirect effect (a*b) was (.67)(.39) = .26. 
We tested the significance of this indirect effect using bootstrapping procedures via 
the PROCESS macro for SPSS (PROCESS v2.16, Hayes 2016). Standardized indirect 
effects were computed for each of 10,000 bootstrapped samples, and the 95% 
confidence interval was computed by determining the indirect effects at the 2.5th 
and 97.5th percentiles. The bootstrapped standardized indirect effect was .26, and 
the 95% confidence interval ranged from -.02 to .69. The indirect effect was 
statistically not significant (p= .29) as tested with the Sobel test, implemented in the 
PROCESS macro. Regarding mPFC-hippocampus functional connectivity (figure 6A) 
we found also a significant a-path and b-path. The standardized indirect effect (a*b) 
was (.59)(.56) = .33 (95% confidence interval ranged from .03 to .68) which was 
statistically significant (p = .05). Thus, the positive association between GLx reactivity 
(GLx/NAA different scores) and memory performance seems to be mediated by 
functional connectivity between mPFC and hippocampus.  
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Figure 6: The outcome of the mediation analyses. (A) The diagram shows that the relationship 
between GLx reactivity (GLx/NAA different scores) and memory performance was mediated 
by functional connectivity between mPFC and hippocampus (high confident remembered vs 
low confident remembered/incorrect+GLx). GLx different scores were positively associated 
with mPFC/hippocampus functional connectivity (a-path). MPFC/hippocampus functional 
connectivity predicted memory performance (b-path). GLx different scores directly predicted 
memory performance (c-path) but if controlled for the mediator this effect diminished (c’- 
path). The indirect effect (a)(b) was .33 which was statistically significant (Sobel test). (B) The 
diagram shows that the relationship between GLx reactivity (GLx/NAA different scores) and 
memory performance seems also mediated by functional connectivity between mPFC and 
thalamus (high confident remembered vs low confident remembered/incorrect + GLx), 
however the indirect effect (a)(b) = .26 was not statistically significant.  
 
Discussion 
 
The present study aimed at elucidating the role of the human mPFC-thalamus-
hippocampus network in associative memory formation and its relation to 
neurotransmitter reactivity. Therefore, encoding related mPFC concentration 
changes of GABA and GLx were assessed and related to memory performance and 
memory related functional connectivity in the mPFC-thalamus-hippocampus 
network. In the following, we discuss first the GABA/Glx reactivity in the mPFC, its 
relation to memory performance and then its relation to the mPFC-thalamus-
hippocampus network.  
Whereas metabolite concentrations at rest have been frequently assessed, the 
dynamics of GABA and GLx during task performance have been less frequently 
investigated (Kühn et al., 2016). Here we show that GLx but not GABA increased in 
the mPFC when subjects memorized face-name associations. This finding 
complements that of Hertz and colleagues (2003) who showed increased forebrain 
concentrations of glutamate and glutamine after passive avoidance learning in 
animals. Notably, the authors found also a reduction in glycogen concentrations, 
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which suggest increased de novo synthesis of glutamate/glutamine from glucose or 
glycogen during learning (Hertz et al., 2003). However, what may be the function of 
increasing glutamate and glutamine? Glutamine is the metabolic precursor of 
glutamate in the mammalian brain (Petroff,2002). After synaptic transmission of 
glutamate, surrounding glia cells metabolize glutamate to glutamine, which is in turn 
transported to the neurons were it is synthesized to glutamate (Petroff,2002). Thus, 
one may speculate that the increase in glutamate/glutamine is related to an 
increased need of synaptic glutamate in order to maintain sustained glutamatergic 
transmission.  It is general accepted that glutamatergic transmission results in LTP a 
leading candidate for the neurophysiological substrate of learning and memory 
(Myhrer, 2002). Manipulating glutamatergic receptors appear to affect LTP and 
memory. For instance, blocking glutamatergic transmission via an NMDA receptor 
antagonist causes LTP reduction and impaired learning (Davis et al.,1992; Stäubli et 
al.,1994). Therefore, the assumption of increased glutamatergic transmission would 
be in line with our finding regarding memory performance. We found that individuals 
with a higher increase in GLx remembered more associations with high confidence. 
Thus, it is possible that the GLx increase reflects enhanced glutamatergic 
transmission that resulted in increased synaptic plasticity and therefore better 
memory performance. To summarize, memorizing face name associations increased 
GLx concentrations in the mPFC and this increase was associated with better 
subsequent memory suggesting that the mPFC GLx reactivity is functionally 
important for memory formation and not merely a reflection of neural processing. 
 
Previous studies reported a decrease in cortical GABA concentrations when subjects 
learned novel motor skills (Floyer-Lea et al., 2006; Sampaio-Baptista et al., 2015) 
suggesting a potential role of GABA reactivity in associative learning. In the present 
study, however, we did not observe such a reduction in mPFC GABA concentrations. 
The finding that GABA levels remained stable may be related to the timeframe 
between the two MRS measurements. For instance, Michels and colleagues (2012) 
showed an initial increase in frontal GABA that gradually decreased during a working 
memory task suggesting time as an important variable. Moreover, Floyer-Lea and 
colleagues (2006) reported a 5% reduction of GABA after 30 minutes but 18% after 
50 minutes of motor learning whereas Kühn and colleagues (2016) found increased 
GABA in the ACC after the engagement in an interference task for 13 minutes. Thus, 
it is possible that our second MRS measurement (22min after baseline) was at a time 
point when GABA has gradually “recovered” from an initial increase. Therefore, 
future studies should measure the mPFC GABA/GLx dynamics on multiple time 
points during associative learning.  
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Regarding network properties, we discuss firstly the functional connectivity and then 
the functional connectivity associated to GLx reactivity.  If seeded from the mPFC, 
we found increased functional connectivity to the right anterior hippocampus for 
associations later remembered with high confidence compared to low confident 
remembered/incorrect. This functional connectivity, however, did not predict 
memory performance. With other words, subjects that had a stronger functional 
mPFC- hippocampus (anterior) connectivity did not remember more face-name 
associations.  
Concerning mPFC GLx reactivity, we found a positive association between mPFC GLx 
increase and mPFC functional connectivity to both, the thalamus and the 
hippocampus. This findings are in line with rodent data showing that ketamine 
(NMDA receptor antagonist) alters functional connectivity between several mPFC 
regions and thalamic nuclei and hippocampus (Dawson et al., 2015; Dawson et al., 
2013).  
 
With respect to the mPfC-thalamic functional connectivity, we found increased GLx 
(reactivity) related functional connectivity to the ventral anterior nuclei (bilateral) 
and to the dorsal margin of the thalamus. Regarding the ventral anterior nuclei, our 
findings are in line with the model proposed by Aggleton and colleagues (2011; 
1999). These authors proposed that anterior thalamic nuclei, as the ventral anterior 
nucleus, and its connections to the hippocampus are essential for recollection based 
recognition. In addition, the authors indicated that prefrontal cortices interact with 
this thalamic-hippocampal system, engaging in efficient encoding strategies that 
may aid subsequent recollection (Aggleton and Brown, 1999). With respect to the 
functional connectivity to the dorsal margin of the thalamus, albeit speculative, one 
may assume that this thalamic region represents the thalamic reticular nucleus 
(Viviano and Schneider, 2015; Zikopoulos and Barbas, 2006; Jones, 1985), a layer of 
GABAergic cells wrapping the dorsolateral segments of the thalamus (Jones, 1985; 
Zikopoulos and Barbas, 2006). GABAergic neurons in the thalamic reticular nucleus 
modulate both corticothalamic and thalamocortical communications (Slotnick et al. 
2002; Lozsadi, 1995; Steriade et al.,1993; Jones, 1985). For instance, the thalamic 
reticular nucleus receives excitatory inputs from cortex and other thalamic nuclei 
and sends inhibitory projections (GABAergic) back to thalamic nuclei thereby 
controlling the activity/oscillations in thalamo-cortical loops (Slotnick et al. 2002; 
Lozsadi, 1995; Steriade et al.,1993). Brain oscillations result in synaptic plasticity via 
synchronizing and desynchronizing neural assemblies and are therefore one of the 
core mechanisms underlying episodic memory (Hanslmayr et al., 2016). These, 
specific functions of the thalamic reticular nucleus may explain the finding that GLx 
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related mPFC-thalamic reticular nucleus functional connectivity predicted memory 
performance. In detail, we found that individuals with higher mPFC-thalamic 
reticular nucleus functional connectivity beta-values remembered more associations 
with high confidence jwcompared to low confident remembered/incorrect.  With 
respect to GLx (reactivity) related mPFC-hippocampus functional connectivity, we 
found increased functional connectivity to the right hippocampus. This GLx 
(reactivity) related mPFC-hippocampus functional connectivity predicted not only 
memory performance but appeared to mediate the positive association between 
GLx reactivity and memory performance. Together, we found that the task related 
change in mPFC GLx concentration was associated with mPFC functional connectivity 
to both, the thalamus and hippocampus, which appeared to be functionally relevant 
in terms of memory performance.  
 
In summary, the current study demonstrates that mPFC GLx levels increased during 
associative memory encoding, which was positively associated with memory 
performance. Moreover, we found that mPFC GLx reactivity appeared to modulate 
functional connectivity within the mPFC-thalamus-hippocampus network. Subjects 
with a higher increase in GLx were those that had stronger functional connectivity in 
this network for associations subsequently remembered with high confidence 
compared to low confident remembered/incorrect. In addition, this GLx related 
functional connectivity was associated with better memory for the face-name 
associations and appeared to mediate the positive association between GLx 
reactivity and memory performance. This findings suggest that mPFC-thalamic-
hippocampus interactions during encoding are related to neurotransmitter 
reactivity, which might facilitate the formation of detailed and vivid memories.   
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Tables 
 
 
Table 1: The correlations between memory performance and the different functional 
connectivity’s (see figure 4) are depicted. The GLx/NAA reactivity (MRS 2 minus MRS 1) related 
functional connectivity’s of mPFC to the dorsal margin of thalamus (high confident 
remembered over low confident remembered/incorrect +GLx) and right hippocampus 
correlate positive with memory performance.  
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Abstract 
Cognitive abilities decline over the time course of our life, a process, which may be 
mediated by brain atrophy and enhanced inflammatory processes. Lifestyle factors, 
such as regular physical activities have been shown to counteract those noxious 
processes and are assumed to delay or possibly even prevent pathological states, 
such as dementing disorders. Whereas the impact of lifestyle and immunological 
factors and their interactions on cognitive aging have been frequently studied, their 
effects on neural parameters as brain activation and functional connectivity are less 
well studied. Therefore, we investigated 32 healthy elderly individuals (60.4 ± 5.0 SD; 
range 52–71 years) with low or high level of self-reported aerobic physical activity at 
the time of testing. A higher compared to a lower level in aerobic physical activity 
was associated with an increased encoding related functional connectivity in an 
episodic memory network comprising mPFC, thalamus, hippocampus precuneus, 
and insula. Moreover, encoding related functional connectivity of this network was 
associated with decreased systemic inflammation, as measured by systemic levels of 
interleukin 6. 
 
Introduction 
It is a well-known phenomenon that our neurocognitive abilities change with age but 
there are remarkable differences in the timing and trajectory of these changes 
(Hedden and Gabrieli, 2004; Hofer and Alwin, 2008). Investigating the effects of 
lifestyle factors may be highly informative for the development of interventions to 
reduce or delay age-related cognitive decline. Among these lifestyle factors physical 
exercise both enhances and preserves cognitive function in the elderly (Dustman et 
al., 1984; Colcombe and Kramer, 2003; Smith et al., 2010; Bherer et al., 2013). 
Additionally, physical exercise appears to significantly reduce the risk of adults 
developing dementing diseases in later years (Laurin et al., 2001; Hamer and Chida, 
2009; Middleton et al., 2010; Llamas-Velasco et al., 2015). Even patients already 
suffering from mild cognitive impairment or dementing disorders improve in 
cognitive functioning after a physical exercise intervention (Heyn et al., 2004; 
Lautenschlager et al., 2008). Hence, physical exercise is a promising low-cost 
treatment to improve neurocognitive function that is accessible to most elderly. 
There is general agreement that memory performance declines from early to late 
adulthood, and that such age-related memory impairments do not involve every 
domain of Memory (Grady and Craik, 2000). Decrements are typically slight in 
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implicit memory tasks, immediate memory tasks, and in many recognition memory 
tasks (Grady and Craik, 2000). In contrast, age-related memory losses are substantial 
in episodic memory tasks involving cued or free recall (Anderson and Craik, 2000; 
Balota et al., 2000; Grady and Craik, 2000; Nyberg et al., 2012). In this regard, it has 
been shown that episodic memory (Chalfonte and Johnson, 1996; Naveh-Benjamin, 
2000; Naveh-Benjamin et al., 2003, 2004), and in particular the memory for face-
name or face occupation associations (Naveh-Benjamin et al., 2004; James et al., 
2008; Hayes et al., 2015), is markedly reduced in the elderly. However, recent elderly 
studies have shown that the engagement in physical activity can counteract those 
episodic memory losses (Zlomanczuk et al., 2006; Hayes et al., 2015). For instance, 
Hayes et al. (2015) showed that engagement in physical activity, is positively 
associated with performance on the face-name association task. However, the 
neuronal correlates of this effect in terms of brain activation and functional 
connectivity have not yet studied. Sperling et al. (2003) examined the pattern of 
brain activation during the encoding of face-name associations in young and elderly. 
The authors showed that elderly, compared to young adults, have greater activation 
in parietal regions but less activation in both superior and inferior prefrontal cortices 
and the hippocampus, a brain region known to be essential in episodic memory 
(Burgess et al., 2002). One may hypothesize that engagement in aerobic physical 
activities has a positive effect on these brain regions affecting encoding related brain 
activation in and functional connectivity between these brain regions. Anatomically, 
the hippocampus is strongly connected to prefrontal regions as medial prefrontal 
cortex (mPFC; Preston and Eichenbaum, 2013) which, in turn, have reciprocal 
connections to several thalamic nuclei that are indirectly or directly reciprocally 
connected to the hippocampus in monkey (Aggleton et al., 2011). Moreover, a recent 
fMRI study revealed functional connectivity between hippocampus, mPFC and 
thalamus during episodic memory retrieval in young adults (Thielen et al., 2015). 
Therefore, we hypothesize that face association learning (encoding) is associated 
with the hippocampal-thalamus-mPFC axis and that engagement in aerobic physical 
activity has a positive effect on activation and functional connectivity within this 
memory network. 
There is evidence that aerobic physical activity is associated with reduced systemic 
inflammation (Elosua et al., 2005; Autenrieth et al., 2009). There is also evidence that 
age related episodic memory decline is associated with inflammation (Simen et al., 
2011). An association between inflammation and memory impairment has been 
reported in both, rodents, and human studies (Heyser et al., 1997; Gemma et al., 
2005; Barrientos et al., 2006, 2009; Hilsabeck et al., 2010; Simen et al., 2011; 
Harrison et al., 2014, 2015). Thus, there seems to be an interaction between physical 
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activity, inflammation and aging related memory decline. In this regard, it has been 
reported that inflammation affects the functioning of the hippocampus. For 
instance, peripheral injection of the bacteria Escherichia coli – leading to increased 
inflammation – produces both retrograde and anterograde amnesia in 24 month old, 
but not 3-month-old rats for memories that depend on the hippocampus (Barrientos 
et al., 2006). Recent studies in human have linked hippocampal activation and 
functional connectivity to systemic inflammation (Harrison et al., 2014, 2015). It was 
shown that induced (S. typhi vaccination) inflammation causes a reduced medial 
temporal cortex glucose metabolism and selectively impaired spatial episodic, but 
not procedural, memory (Harrison et al., 2014). Moreover, induced inflammation 
blocked functional connectivity between the substantia nigra and hippocampus that 
occurred during novelty processing in noninflammatory states (Harrison et al., 2015). 
Thus, it seems that inflammation has pronounced effects on hippocampus both, in 
terms activation and connectivity. Therefore, we assume that inflammation is 
inversely related to encoding related activation and functional connectivity within 
the hippocampal-thalamus-mPFC axis. Interleukin-6 (IL-6) has been recognized as an 
active player in inflammation (Rincon, 2012). IL-6 is both an anti-inflammatory and 
pro-inflammatory cytokine and can be released from different cell types as for 
instance astrocytes, muscle or fat cells (Gruol and Nelson, 1997; Nybo et al., 2002). 
IL-6 released from muscle tissue during or immediately after a bout of exercise exert 
anti-inflammatory effects by suppressing pro-inflammation factors. For instance, 
elevations in skeletal muscle derived IL-6 trigger an anti-inflammatory cascade by 
lowering the release of pro-inflammatory cytokines (e.g., IL-1β) via the stimulation 
of their antagonistic receptors (Nimmo et al., 2013). Moreover, exercise-related IL-6 
triggers the release of IL-10, an anti-inflammatory molecule, which directly inhibits 
the synthesis of different pro-inflammatory mediators, particularly of the monocytic 
lineage, such as TNF-α, IL-1α, IL-1β, IL-8, and macrophage inflammatory protein-1α 
(Petersen and Pedersen, 2005) At rest, the release of IL-6 from skeletal muscle is 
minimal, with the majority being produced from adipose tissue and leucocytes, 
which is thought of as pro-inflammatory (Fischer, 2006; Nimmo et al., 2013). 
Moreover, studies revealed that regular engagement in physical activities is 
associated with lower systemic IL-6 levels at rest. For instance, Elosua et al. (2005) 
reported a negative relation between interleukin-6 to both physical fitness and 
leisure time related physical activity in the elderly. Lower levels of the pro-
inflammatory IL-6 may reduce the risk of adults developing neurodegenerative 
diseases (Laurin et al., 2001; Hamer and Chida, 2009; Middleton et al., 2010; Llamas-
Velasco et al., 2015). For instance, IL-6-treated hippocampal neurons showed tau 
hyperphosphorylation (Quintanilla et al., 2004), a hallmark of Alzheimer’s disease. 
Moreover, neurons subjected to chronic IL-6 treatment exhibit increased sensitivity 
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to NMDA receptor mediated neurotoxicity (Qiu et al., 1998). In addition, it has been 
shown that IL-6 can have negative effects on synaptic plasticity. For instance IL-6 
affects synaptic plasticity in the CA1 region of the hippocampus by causing a marked 
decrease in the expression of long term potentiation (LTP), the cellular model of 
learning and memory (Gruol and Nelson, 1997; Tancredi et al., 2000). However, we 
should note that IL-6 has not only destructive but also a beneficial potential. In this 
regard, numerous studies provide evidence for an IL-6 involvement in neuronal 
survival, protection, and differentiation (Hirota et al., 1996; Gadient and Otten, 1997; 
März et al., 1997; Loddick et al., 1998). 
In the light of the aforementioned findings, we hypothesized that aerobic physical 
activity does not only improve episodic memory (Hayes et al., 2015) but that this 
effect goes along with changed brain activation and connectivity in the hippocampal-
thalamus-PFC axis which in turn is inversely related to inflammation as measured 
with systemic IL-6 at rest. Therefore, this cross sectional study examined the effects 
of aerobic physical activity engagement on the performance on a face association 
task and related brain activation and functional connectivity in the elderly. 
Moreover, we hypothesized that systemic IL-6 levels are reduced in individuals that 
engage in aerobic physical activity which in turn is related to the functional effects, 
especially those that are related to the hippocampus. 
Materials and Methods 
Subjects: Thirty-two healthy elderly, right-handed volunteers (16 males, mean age 
60.4 ± 5.0 SD; range 52–71 years) were examined. None of the subjects reported a 
history of neurological or psychiatric diseases and all were free of psychotropic 
medication. Participants had normal or corrected-to-normal vision. Exclusion criteria 
were febrile illness within 7 days prior to study participation and severe somatic 
diseases, such as thyroid dysfunction, hypercortisolism, or adrenal dysfunction as 
well as diabetes mellitus type I and type II with an HBA1c > 8%, subjects with regular 
medication other than diabetes type 2 related medication. Written informed 
consent was obtained according to the local medical ethics committee. 
Procedure: Assessments were carried out during 1 day. Before scanning, each 
subject scored the Physical Activity Scale for the Elderly (PASE; Washburn et al., 
1993) questionnaire and a blood sample was taken to define plasma levels of IL-6. 
Since there is strong evidence for an increased level of IL-6 immediately after a bout 
of exercise that last at least 90 min (Leggate et al., 2010; Nimmo et al., 2013), it is 
important to note that the participants had not engaged in physical exercise on the 
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day of testing. In addition, to account for potential differences between groups, each 
subject performed a standard neuropsychological test battery. The 
neuropsychological assessment included (1) the German version of the Auditory 
Verbal Learning Test (VLMT; Lux et al., 1999) to assess verbal episodic memory, (2) 
the Brief Visuospatial Memory Test-Revised (BVMT-R; Benedict et al., 1996; Benedict, 
1997) and (3) the Paired Associates Learning (PAL; Torgersen et al., 2011) as 
measures of visuospatial episodic memory. (4) the Trail Making Test (Tombaugh, 
2004; Bowie and Harvey, 2006) version A (TMT-A, visuoperceptual abilities; Sánchez-
Cubillo et al., 2009) and B (TMT-B, working memory; Sánchez-Cubillo et al., 2009) 
and (5) the Intra- and Extra-dimensional Shift (IED; Égerházi et al., 2007) to assess 
cognitive flexibility and executive functions as well as (6) the Controlled Oral Word 
Association Test (COWAT; Baldo et al., 2006) to assess for verbal fluency. The 
Mehrfachwahl-Wortschatz-Intelligenztest (MWT-B; Lehrl, 2005) was conducted to 
estimate subject’s general educational status as measurement for IQ. Both, the PASE 
and the neuropsychological test battery were performed before the blood sampling 
to ensure that the participants were not engaged in any physical activities for 90 min. 
Physical Activity Assessment: The Physical Activity Scale for the Elderly (PASE; 
Washburn et al., 1993) provides a measure of physical activity regarding the past 7 
days and is composed of the individual engagement in activity like sports, gardening, 
household activity, etc. Physical activity is commonly described by the following four 
dimensions: (1) frequency, (2) duration, (3) intensity, and (4) type of activity 
(Caspersen et al., 1985). Any assessment of physical activity should ideally measure 
all of these dimensions and account for day-to-day variation (Warren et al., 2010). 
The PASE questionnaire measures all dimensions and is therefore an appropriate 
measurement to assess physical activity level. Since we aimed at elucidating the 
effects related to aerobic physical activity we used the “strenuous sport” PASE sub-
score to assess the aerobic physical activity level. Based on the finding that the PASE 
has demonstrated good validity in a couple of evaluations as for instance peak 
oxygen uptake, systolic blood pressure and measurements assessing physical fitness 
(Washburn et al., 1993, 1999; Harada et al., 2001) we assume that in particular this 
subscore has the potential to measure variations in aerobic capacity. 
IL-6 Assessment: Blood samples were collected in EDTA tubes from the cubital veins 
between 9:00 am and 12:00 am in the fasting state and processed within 2 h by 
centrifugation at 1600 g for 15 min at RT. Plasma aliquots (500 μl) were stored in 
MatrixTM tubes (Thermo Fisher Scientific, Inc., Waltham, MA, USA) at -80° until IL-6 
determination. IL-6 was determined in duplicate with the Human IL-6 QuantikineTM 
HS (high-sensitivity) ELISA Kit in 1:2 prediluted plasma. All readings were acquired in 
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the dual wavelength mode at 467/650 nm on a Tecan Infinite ProTM microplate 
reader (Tecan, Switzerland) with the MagellanTM data analysis software and 
corrected for background. Standard curves were generated on the basis of a four 
parameter logistic (4-PL) curve-fit. 
fMRI Design: An associative face-profession encoding task (Theysohn et al., 2013) 
was performed during fMRI scanning (figure  1). Five blocks of an episodic memory 
condition (face-profession encoding task) consisting of four stimuli as described 
below were interleaved by five blocks of a control condition consisting of six stimuli 
whereby each block lasted 22.8 s. During the episodic memory condition, a series of 
four novel faces uniquely associated with occupational titles were shown. Each face 
with its associated occupational title underneath was displayed at the center of the 
screen for 5.7 s. Subjects were instructed to memorize face-profession associations 
for a subsequent memory test and to judge whether the face fitted well with the 
underlined profession or not. A simple visuo-motor task was used as control 
condition, in which each block (as in the episodic memory condition) started with 
the presentation of a brief instruction for 2.0 s, and followed by showing a series of 
six shadow-masked face contours with the presentation time of 3.8 s each. Subjects 
were required to judge whether the ears of a shadow-masked face contour were 
closer to the left or the right shoulder. We have chosen an “active” control task to 
avoid mental processes that are related to memory formation. In other words, 
during the visuo-motor task the participants could not spend effort to remember the 
faces and related occupations in order to improve memory. After the fMRI task 
subjects performed a recall test for the associated profession outside the scanner 
whereby they were presented with all the faces (printed on papers in A4 format) and 
had to write down the associated profession. To simplify this task, participants were 
also provided with a list on which all professions were listed. Stimuli, consisted of 20 
portraits (half males) and 20 familiar professional names, were standardized 
according to several criteria, such as no strong emotional facial expression, direct 
gaze contact, no glasses, no beard, no headdress, etc. The order of stimuli 
presentation was randomized for each subject. Length of familiar professional 
names ranged from 7 to 15 letters (mean length ±SD = 10.65 ± 2.77). For the control 
condition, 30 color photographs showing shadow-masked face contours (with 
shoulders) served as stimuli. 
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Figure 1: Design of the face profession association task. During scanning, subjects performed 
the face-profession association task and a visuo-motor control task. The participants were 
instructed to memorize the face-profession associations for a subsequent memory test and to 
judge whether the face fitted well with the underlined profession or not. A simple visuo-motor 
task was used as control condition, in which subjects were required to judge whether the ears 
of a shadow-masked face contour were closer to the left or the right shoulder. Thereafter, 
subjects performed a recall test for the associated profession outside the scanner. Therefore, 
the participants were provided with a list on which all professions were listed and the faces 
(printed on papers in A4 format) seen during scanning. The participant had to write down the 
associated professions below the faces. 
 
MRI Data Acquisition: Image acquisition was performed on a whole-body 7 T MR 
system (Magnetom 7T, Siemens Healthcare, Germany) using a 32-channel Rx/Tx 
head coil (Nova Medical, Wilmington, MA, USA). We used a T1 weighted MPRAGE 
sequence for structural image acquisition with a TR = 2.5 s, TE = 1.44 ms, flip angle = 
6°, slice thickness = 0.7 mm, resolution = 0.7 mm3, FOV 236 mm × 270 mm. Functional 
volumes were acquired using a T2∗-weighted gradient echo 3D EPI sequence with 
ascending slice acquisition order, acceleration factor 8 (GRAPPA R = 4∗2), TR = 3.0 s, 
TE = 20 ms, flip angle = 15°, matrix size 192∗192∗96, slice thickness = 1.5 mm, 
resolution = 1.5 mm3, and a FOV of 288 mm × 288 mm. 
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fMRI Data Analysis: The native structural T1 images were segmented into gray and 
white matter components. The output of the segmentation was then used to create 
a group specific template in SPM8 by using diffeomorphic anatomical registration 
through exponentiated lie algebra (DARTEL), which is registered to the Montreal 
Neurological Institute (MNI) space. Functional images were realigned, and the 
individual mean images were coregistered with the corresponding structural MRI by 
using normalized mutual information optimization. Then, the functional images were 
spatially normalized and transformed into a common space (group specific DARTEL 
template), as well as spatially filtered by convolving the functional images with an 
isotropic 3D Gaussian kernel of 6 mm FWHM. Regressors of interest were formed by 
creating a box-car function for both conditions (face-profession task/control task) 
convolved with the canonical hemodynamic response function. On the first level, a 
GLM was conducted with these two regressors, together with the six motion 
parameters derived from realignment procedure. 
To investigate the effects of aerobic physical activity on the memory network, we 
performed psychophysiological interaction (PPI) analyses embedded in SPM8 
(Friston et al., 2007). First eigenvariate values were extracted (physiological factor) 
from 5-mm spheres centered around the maxima within the clusters indicative of 
significant main effects (face-profession task > control task). A box-car function 
(weighted with +1 for face-profession and -1 for the control condition) was 
temporally convolved with the canonical hemodynamic response function 
(psychological factor). An interaction factor (PPI) was calculated as an interaction 
term of physiological and psychological factors. For each seed region, a first level 
GLM was conducted including the face-profession and control task regressors, the 
PPI regressors (physiological, psychological, and interaction factors) as well as the six 
motion regressors derived from realignment procedure during preprocessing of the 
functional scans. 
Activation Analysis (Main Effect of Memory): To assess the main effect of memory 
encoding, the subject-specific contrast images (face-profession condition over 
control condition) from all participants (N = 32) were used as inputs for the second-
level random effects analysis. The results of the second level random effects analyses 
were thresholded at P = 0.001 and thereafter cluster-size statistics were used as test 
statistic. Only clusters at P ≤ 0.05 (family-wise error corrected for multiple 
comparisons) were considered significant. 
Activation Analysis (Effects of Aerobic Physical Activity): The subject-specific 
contrast images (face-profession condition over control condition) were used as 
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inputs for the second-level random effects analysis. Age, gender, and MWT-B IQ 
scores were included in the model as covariates of no interest. We did a GLM 
analyses in SPM8 to probe differences in brain activation due to aerobic physical 
activity [aerobic (+) group vs. aerobic (-) group]. Given the prior findings regarding 
the hippocampus, a bilateral hippocampus region of interest (ROI) was defined by 
means of the WfU-Pickatlas (Maldjian et al., 2003, 2004) as reduced search space. 
Thus we performed, whole brain and ROI (hippocampus) analyses. The outcomes of 
the second level group analyses were thresholded at P = 0.001 and thereafter 
cluster-size statistics were used as test statistic. Only clusters at P ≤ 0.05 (family-wise 
error corrected for multiple comparisons) were considered significant. 
Functional Connectivity Analysis: We conducted separate PPI analyses (mPFC and 
precuneus), based on the outcome of the initial activation analyses (main effects). 
The subject-specific contrast images for the interaction term (PPI.ppi) were used as 
inputs for the second-level group analyses [aerobic (+) vs. aerobic (-)] with age, 
gender, and MWT-B IQ scores as covariates of no interest. As previous, we 
performed a whole bran and ROI analysis (hippocampus). The results of the second 
level group analyses were thresholded at P = 0.001 and thereafter cluster-size 
statistics were used as test statistic. Only clusters at P ≤ 0.05 (family-wise error 
corrected for multiple comparisons) were considered significant. 
Correlation Analysis: Pearson’s partial correlations analyses were performed by 
means of SPSS (IBM 21) software, with age, gender and MWT-B IQ score as variables 
of no interest. To assess the relations between brain activation/connectivity 
parameters and IL-6, we extracted the mean beta values of the clusters that revealed 
a significant effect of aerobic physical activity. For this purpose, we used MarsBaR 
toolbox to create separate masks of the significant clusters (see figures 2B,C) which 
in turn were used in the REX toolbox to extract the analyses specific (PPI mPFC, PPI 
precuneus, or activation) mean beta-values of each cluster for all subjects. The mean 
b-values of the fMRI (activation/PPI) clusters and IL-6 concentration were then used 
for Pearson’s partial correlation analyses with Benjamini and Hochberg (1995) 
correction for multiple testing. 
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Results 
 
Characteristics of the Sample: We grouped the subjects according to the PASE 
subscore “strenuous sport.” Subjects in the aerobic (+) group scored on average 9.01 
(SD = 4.7) whereas the subjects in the aerobic (-) group did not engage in any 
strenuous physical activities. No significant differences were found on relevant group 
characteristics, such as age and gender. However, the aerobic (-) group revealed a 
higher MWT-B IQ score compared to the aerobic (+) group (table 1). 
 
Regarding the neuropsychological assessment, we found that the aerobic (+) group 
performed better on the TMT-A/B and the COWAT (table 2). With respect to the fMRI 
memory task, we found a significant difference in performance (number of correct 
remembered face-profession associations) between the aerobic (+/-) groups. The 
aerobic (+) group revealed a significantly increased memory performance compared 
to the aerobic (-) group (see table 1). This effect remained stable if corrected for 
MWT-B score, age, and gender. 
Subjecting the blood parameter scores (IL-6) to a ANOVA a statistical significant 
effect of aerobic physical activity on IL-6 was observed (F (1,30) = 7.70, P < 0.009) 
when dividing groups according to their aerobic physical activity level (+/-). This 
effect remained stable if corrected for MWT-B score, age and gender. A post hoc t-
test revealed that the aerobic (+) subjects had significantly lower levels of IL-6 
compared to the aerobic (-) group (table 1). 
fMRI (Activation): Whole brain analysis revealed a main effect of memory encoding 
in the bilateral precuneus (maxima at MNI = -2 -61 40 FWE corrected, P < 0.03) and 
bilateral medial prefrontal cortex (maxima at MNI = -6 48 6 FWE corrected, P < 0.05; 
figure 2A).  While the whole-brain analysis did not reveal significant differences 
between the aerobic + vs - group, the ROI analysis, however, revealed significantly 
increased activation in the left hippocampus (maxima at MNI = -29 -33 -6, FWE 
corrected, P < 0.03) in the aerobic (+) group (figure 2B). 
fMRI (Functional Connectivity): Seed ROI mPFC (figure 2C): The whole brain analyses 
revealed a stronger mPFC-left thalamus functional connectivity (maxima at MNI = -3 
-17 13, FWE corrected, P < 0.02) in the aerobic (+) group compared to the aerobic (-
) group. Regarding the ROI approach, an increased mPFC-right hippocampus 
functional connectivity (maxima at MNI = 37 -21 -11, FWE corrected, P < 0.05) was 
found in the aerobic (+) relative to the aerobic (-) group. 
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Seed ROI precuneus (figure 2C): In the aerobic (+) group a pattern of increased 
functional connectivity was found comprising the bilateral thalamus (maxima at MNI 
= -4 -16 10 FWE corrected, P < 0.01) and the right insula (maxima at MNI = 32 8 17 
FWE corrected, P < 0.02) when compared to the aerobic (-) group. 
 
Figure 2: FMRI results. The functional maps are overlaid on the MRIcron template brain 
(ch256). In (A) an illustration of the two brain regions that showed a main effect (face-
profession task over control task) in the whole group analysis is depicted. Both, the precuneus 
cluster and the mPFC cluster extend into both hemispheres and served as seed regions in the 
functional connectivity analyses. In (B) the left hippocampus region that was more activated 
in the aerobic (+) group compared to the aerobic (-) group is illustrated. The outcome of the 
performed psychophysiological interaction (PPI) analyses is depicted in (C). The two red circles 
are the seed regions which are spheres of 5 mm centered around the maxima within the 
clusters depicted in (A). The white arrows indicate increased functional connectivity’s 
between precuneus and thalamus, precuneus and right insula, mPFC and right hippocampus 
as well as between mPFC and left thalamus in the aerobic (+) group. 
 
Correlation Analyses: The functional parameter that revealed a significant 
association with IL-6 (see table 3) were the functional connectivity between 
mPFC/hippocampus and precuneus/insula. We found that mPFC-hippocampal 
functional connectivity correlated negatively with IL-6 (r = -0.46; P = 0.009). As did 
the precuneus-insula functional connectivity (r = -0.45; P = 0.011). In line with lesser 
inflammation in the presence of better connectivity within the memory network, we 
also found a negative correlation between hippocampal activation and IL-6 
concentrations (r = -0.39; P = 0.033), which, however, did not survive the Benjamini 
and Hochberg correction for multiple comparisons. 
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Discussion 
The present study aimed to combine immunological and functional imaging 
parameters to investigate multifactorial protective mechanisms of physical activity 
in healthy elderly. More precisely, we assessed the potential impact of the 
engagement in aerobic physical activity on changes in a network of brain regions 
mediating episodic memory functions and the associations to inflammation. As a 
marker for inflammation we indexed IL-6 since this cytokine displays the most 
marked response to acute exercise compared to other inflammation marker as for 
instance TNF-R, TNF alpha, IL 1 beta, IL-1ra, or IL-10 (Petersen and Pedersen, 2005). 
Behaviorally, the aerobic (+) group had an elevated memory performance for face-
profession associations compared to the aerobic (-) group, which is in line with the 
recent finding of Hayes et al. (2015). This finding was paralleled by better scores on 
tests assessing visual processing speed (TMT-A), working memory (TMT-B), and 
verbal fluency (COWAT) but not on tests assessing verbal episodic memory (VLTM), 
visuospatial episodic memory (BVMT-R/PAL) or cognitive flexibility/executive 
functions (IED). Note, we found only in the face-association task but not on the other 
episodic memory tasks an effect of physical exercise. This results are only partly in 
line with the findings of Hayes et al. (2015), which showed also no effect on verbal 
episodic memory but on visuospatial episodic memory. This may be related to 
methodological differences since Hayes et al. (2015) measured the level of physical 
activity via accelerometry. Moreover, Hayes et al. (2015) showed that the face-
association task seems to be more sensitive to physical activity in older adults, since 
physical activity level accounted for 29.6% of the variance in the face-association 
task compared to 13.3% of the variance on the neuropsychological tests of 
visuospatial episodic memory. Regarding brain activation (main effect), we found 
face-profession encoding related activation in the medial precuneus and the mPFC. 
While in line with other studies, we also found an activation in ventral temporal areas 
and lateral parietal as well as lateral frontal areas, these clusters failed to reach 
significance in the whole brain analysis, mirroring the findings from Theysohn et al. 
(2013), which used the same experimental paradigm and 7 Tesla scanning in healthy 
young adults. It is important to note, that dissimilar to Theysohn et al. (2013), there 
was signal dropout in the ventral temporal cortices, reducing the size of the 
activation cluster in the hippocampus so that the hippocampal clusters did not reach 
significance in the whole brain analyses. As aforementioned, based on anatomical 
connections and previous fMRI reports we assumed the mPFC-thalamus- 
hippocampus axis to be involved in the given memory task and that the engagement 
in aerobic activity increases functional connectivity in this axis. Therefore, we used 
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the mPFC region as seed region in the PPI analyses. The precuneus is assumed to be 
involved in visual imagery and working memory occurring in episodic memory 
(Fletcher et al., 1996; Halsband et al., 1998; Cavanna and Trimble, 2006). Given the 
rich anatomical connectivity to several thalamic nuclei (Cavanna and Trimble, 2006) 
and reports of aging related changes in precuneus functions (Sperling et al., 2003; 
Gould et al., 2006; Mevel et al., 2011; Yang et al., 2014; Kleerekooper et al., 2016), 
we used the precuneus region as a second seed region in the PPI analyses. Note, 
since our preliminary hypothesis was focused on the mPFC-thalamus-hippocampus 
axis, the analyses regarding the precuneus cluster have an exploratory characteristic. 
In the following paragraphs, the effects of self-reported engagement in aerobic 
physical activity on brain activation/functional connectivity and the relation to 
inflammation will be discussed. 
Whereas behavioral effects of physical activity/fitness on episodic memory have 
been frequently studied its relation to functional parameter as memory related brain 
activation or functional connectivity are still poorly understood. Here, we provide 
first evidence that engagement in aerobic physical activity is associated with episodic 
memory related brain activation and functional connectivity. More precisely, we 
found that the aerobic (+) group revealed stronger BOLD activation in the left 
hippocampus and a stronger functional connectivity between mPFC and left 
thalamus/right hippocampus during memory encoding. The thalamus has been 
described as an important structure regarding mPFC-hippocampus 
“communication” during memory processes. Evidence from human imaging studies 
as well as animal data revealed that the mPFC-thalamus-hippocampus axis is strongly 
associated with memory encoding (Xu and Südhof, 2013) memory consolidation 
(Thielen et al., 2015) and memory retrieval (Aggleton and Brown, 1999; Davoodi et 
al., 2009, 2011; Aggleton et al., 2010; Loureiro et al., 2012). Here, we show for the 
first time, that engagement in aerobic physical activity is associated with increased 
activation and functional connectivity in the mPFC-thalamus-hippocampal axis when 
elderly learn new face-occupation associations. Unfortunately, we could not observe 
a relation between the functional effects and performance on the face-profession 
task. However, in contrast to event related designs, blocked designs (as used here) 
are not able to distinguish between successful vs unsuccessful encoding processes. 
In addition, we found that the aerobic (+) group revealed a stronger functional 
connectivity between precuneus and bilateral thalamus/left insula. The precuneus is 
assumed to be involved in visual imagery occurring in episodic memory (Fletcher et 
al., 1996; Halsband et al., 1998; Cavanna and Trimble, 2006). Interestingly, both seed 
regions (precuneus and mPFC) revealed increased functional connectivity to the 
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thalamus that overlaid in the midline/dorsomedial thalamus. Therefore, the 
precuneus/thalamus connectivity might reflect support of the mPFC-thalamus-
hippocampus axis with information regarding the visual representation of the 
memory. The insula, has been functionally divided into a posterior, ventroanterior 
and dorsoanterior part (Wager and Feldman-Barrett, 2004; Chang et al., 2013). In 
the present study, we found precuneus functional connectivity to the dorsoanterior 
insula, a region that is commonly activated in tasks that require executive control of 
attention, including those that require manipulation of information in working 
memory (Wager and Smith, 2003), shifting attention and response inhibition (Wager 
et al., 2004). Hence, the underlying function of the precuneus/insula connectivity 
may be related to executive manipulations of information in the working memory. 
To summarize, as hypothesized, the engagement in aerobic physical activity 
increased activation and functional connectivity within the mPFC-thalamus-
hippocampus axis in the elderly. Interestingly, we found that the engagement in 
aerobic physical activity increases also task related functional connectivity in a 
precuneus-insula network that appears to interact with the mPFC-thalamus-
hippocampus axis via the thalamus. Thus, we provide initial evidence that the 
thalamus has the potential to connect different networks, probably involved in 
different aspects of episodic memory encoding, a function that is boosted due to the 
engagement in aerobic activity. 
Finally, we assessed whether systemic IL-6 concentrations are related to the 
functioning within the episodic memory network. In this regard, Harrison et al. 
(2014, 2015) have shown that induced inflammation causes a reduction in 
hippocampal glucose metabolism and functional connectivity during memory 
related processes. In the present study, we found an inverse relation between mPFC-
hippocampus functional connectivity and circulating IL-6. In addition, a negative 
correlation between hippocampal activation and IL-6 could be observed. However, 
this correlation did not survive the Benjamini and Hochberg correction for multiple 
comparisons. Regarding the functional connectivity between mPFC and thalamus 
there was no relation to IL-6 which may be related to the heterogeneity of IL-6 
distribution within the brain. For instance, rodent studies revealed high levels of IL-
6 mRNA and IL6 receptor mRNA expressions in some brain regions, including the 
hippocampus, if compared to other brain regions (Schobitz et al., 1993; Gadient and 
Otten, 1994; Aniszewska et al., 2015). Together, we found that the functioning in the 
mPFC-thalamus-hippocampus axis is negatively related to inflammation, extending 
the previous findings of Harrison and colleagues to episodic memory processes in 
the elderly. Interestingly, we found also an inverse relation between IL-6 and the 
functional connectivity between precuneus and insula. This is in line with recent 
82 
 
studies that showed an association between inflammation and the insula in human 
(Hannestad et al., 2012; Labrenz et al., 2016). For instance, Labrenz et al. (2016) 
induced inflammation with lipopolysaccharide in healthy young adults and measured 
inflammation produced changes in resting state functional connectivity. They found 
a strong reduction between insula-precuneus functional connectivity, which was 
most pronounced for the anterior part of the insula. In the present study, we reveal 
for the first time that encoding related functional connectivity to the insula is 
associated to inflammation as measured with IL-6. Altogether, we provide new 
evidence that self-reported engagement in aerobic physical activity predict the 
strength of brain activation and functional connectivity in an episodic memory 
network composed of hippocampus, mPFC, thalamus, precuneus, and insula. Within 
this network, it appears that the circulating inflammatory marker IL-6 is inversely 
related to mPFC/hippocampal and precuneus/insula functional connectivity 
extending previous research that showed high affinity of inflammation on these 
brain regions. With respect to memory performance, we could not observe a relation 
between the amount of remembered associations and IL-6 levels, which may be 
attributed to the small sample size. 
Some limitations should be acknowledged in this study. First, due to susceptibility 
artifacts, there was signal dropout in the ventral temporal cortices which reduced 
the size of the activation clusters (main effect) in this areas. Thus we cannot rule that 
these clusters would have reached significance in the absence of this artifact. 
Second, we did not assess the individual levels of physical fitness. Therefore, the 
findings we report here in relation to aerobic physical activity cannot transferred 
directly to aerobic capacity (fitness). For instance, a participant that reported 3 h of 
jogging may have run a distance that was much less than that of another participant 
that reported also 3 h of jogging. Moreover, physical activity is socially desirable 
behavior that might be overreported because of a social desirability bias. Third, this 
study had a non-randomized design so any number of third variables could have 
influenced the results. Fourth, our preliminary hypothesis did not include the 
involvement of the precuneus in the given task rendering the second PPI analysis 
more exploratory. Furthermore, we used IL-6 only as a measure of inflammation 
which does not represent the whole complexity going on in inflammatory processes. 
To date, many different markers of inflammation have been discovered. Therefore, 
to get a more comprehensive understanding, future studies should also indexing 
other inflammatory marker as for instance NF Kappa B, TNF alpha, and IL-10. In 
addition, we cannot determine whether the IL-6 effect is related to cells in the CNS 
(e.g., astrocytes) or cells in the periphery as for instance muscle or fat cells. In this 
regard, Nybo et al. (2002) showed that IL-6 release from the CNS is increased after a 
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bout of exercise. However, the net release of IL-6 from the CNS appears to be 
manyfold lower than that released from muscles (Steensberg et al., 2001; Nybo et 
al., 2002). Future studies should use controlled experimental designs (e.g., Nybo et 
al., 2002) to determine the effects of physical activity on CNS released IL-6. 
To summarize, we assessed the impact of the engagement in aerobic physical activity 
on immunological and functional imaging parameters in healthy elderly in a 
between-subject cross-sectional design. We replicated prior findings regarding 
better memory functioning and decreased IL-6 concentration in aerobic active 
elderly subjects. In addition, we provide new evidence for an effect of aerobic 
physical activity on episodic memory related activation and functional connectivity. 
Moreover, we demonstrate that episodic memory related hippocampal and insula 
functional connectivity is inversely related to circulating IL-6 extending previous 
findings of inflammation effects on network properties. Future studies should try to 
replicate the current findings in a prospective intervention set-up to assess the 
impact of physical activity on the given parameters and their relations over time. 
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Tables 
Table 1: Group differences in the aerobic (+/-) groups are depicted. In the top relevant group 
characteristics (age, gender, and IQ) are shown. Below the group characteristics, the group 
differences of the parameters of interest (blood parameter and fMRI task) are depicted.  
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Table 2: Group differences in the aerobic (+/-) groups are depicted. The aerobic (+) group 
scored better on tests assessing visual processing speed (TMT-A), working memory (TMT-B) 
and verbal fluency (COWAT) but not on tests assessing verbal LTM (VLTM), visuospatial LTM 
(BVMT-R/PAL) or cognitive flexibility/executive functions (IED). 
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Table 3: Correlation matrix of aerobic physical activity effects on fMRI parameter (activation 
and functional connectivity) and IL-6 concentration. 
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Abstract: 
Type 2 diabetes (T2D) is associated with an accelerated episodic memory decline, 
but the underlying pathophysiological mechanisms are not well understood. 
Hallmarks of T2D comprise impairment of insulin secretion and insulin sensitivity. 
Insulin signaling modulates cerebral neurotransmitter activity, including the 
excitatory glutamate and inhibitory γ-aminobutyric acid (GABA) systems. Here we 
tested the hypothesis that the glutamate and GABA systems are altered in T2D 
patients and this relates to memory decline and insulin resistance. Using 1H-
magnetic resonance spectroscopy (MRS), we examined glutamate and GABA 
concentrations in episodic memory relevant brain regions (medial prefrontal cortex 
and precuneus) of T2D patients and matched controls. Insulin sensitivity was 
measured by hyperinsulinemic-eugycemic clamps and memory performance was 
assessed using a face-profession associations test. T2D patients exhibited peripheral 
insulin resistance and had a decreased memory for face-profession associations as 
well as elevated GABA concentration in the medial prefrontal cortex but not 
precuneus. In addition, medial prefrontal cortex GABA concentration was negatively 
associated with memory performance suggesting that abnormal GABA levels in the 
medial prefrontal cortex are linked to the episodic memory decline that occurs in 
T2D patients.  
 
Introduction 
Type 2 diabetes (T2D), the most prevalent diabetes type, is characterized by insulin 
resistance of target tissues and relative, rather than absolute, insulin deficiency. 
With the increasing life expectation of the Western population, the incidence of T2D 
will be further increasing in the next decades (Gispen and Biessels, 2000; Cowie et 
al., 2009; Zheng et al., 2018). 
Patients with T2D suffer from impairment in a variety of cognitive domains (Biessels 
et al, 2014). T2D has been associated with decreased complex psychomotor 
functioning (Reaven et al.,1990), psychomotor speed (Reaven et al.,1990; Gregg et 
al., 2000), processing speed (Messier et al., 2005), verbal fluency (Reaven et al., 
1990; Kanaya et al., 2004), executive function (Perlmuter et al., 1984; Reaven et al., 
1990; Munshi et al., 2006), attention (Fontbonne et al., 2001) and several domains 
of memory  (Perlmuter et al., 1984; Mooradian et al., 1988; Grodstein et al., 2001; 
Messier et al., 2005; Munshi et al., 2006). Among these impairments, the most 
robust and frequently reported cognitive deficits in T2D are episodic memory 
91 
 
dysfunction (Jones et al., 2014). Not surprisingly, T2D associates with a greater 
prevalence of neurocognitive disorders and Alzheimer’s disease in particular (Ott et 
al., 1996; Leibson et al., 1997; Ott et al., 1999; Biessels et al., 2002). Alzheimer’s 
disease has also been associated with decreased insulin concentrations, abnormal 
insulin receptor function and density in the brain (Frölich et al., 1999; Rivera et al., 
2005; Steen et al., 2005).   
The pathophysiological mechanisms of T2D related cognitive dysfunction are not 
entirely understood. In recent years, magnetic resonance imaging (MRI) techniques 
have been increasingly utilized to investigate the cognitive decline in T2D patients 
(Geijselaers et al., 2015). A recent meta-analysis identified changes in functional MRI 
(fMRI) resting-state brain activity (e.g. in the precuneus or frontal cortex) in T2D 
patients (Xia et al., 2017). Moreover, Cui and colleagues (2014) showed that 
decreased resting-state brain activity in T2D is associated with poorer memory 
performance and executive functioning. The amino- acids glutamate and gamma-
aminobutyric acid (GABA) have been associated with both, human brain activation 
(Logothetis et al., 2001; Buzsaki et al., 2007) and T2D-related cognitive impairment 
(Lyoo et al., 2009; Bussel et al., 2016). In rodents, it has been shown that T2D is 
associated with a malfunctioning homeostasis of GABA and glutamate in the brain 
(Sickmann et al., 2010). The homeostasis between GABA and glutamate is regulated 
by glia cells which metabolize these amino acids after neurotransmission into 
glutamine that, in turn, is transported to the neurons where it is synthesized back to 
glutamate and GABA (Behar and Rothman 2001; Patel et al., 2005; Bak et al., 2006; 
Sickmann et al., 2012). GABA and glutamate are the main inhibitory and exhibitory 
neurotransmitters in the brain, respectively, and are essential for the formation of 
episodic memories (Day et al., 2003; Miranda, 2007; Solomonia and McCabe, 2015; 
Thielen et al., 2018). Therefore, investigating the quantity of GABA, glutamate and 
glutamine in relevant brain regions may reveal important new insights into the 
pathogenesis of T2D related episodic memory impairments. 
Magnet resonance spectroscopy (MRS) provides a unique opportunity to assess 
noninvasively the concentrations of GABA, glutamate and glutamine in vivo. By 
utilizing MRS at a 1.5 Tesla scanner, Sinha and colleagues (2014) found an increased 
glutamate+glutamine (GLx) concentration in the right frontal region of T2D patients. 
Unfortunately, whether this effect was related to glutamate, glutamine or both could 
not be elucidated since it is difficult to separate glutamate from glutamine at lower 
magnetic field strengths (Moser et al., 2012). In addition, Bussel and colleagues 
(2016) found an increased GABA concentration in the occipital lobe of T2D patients 
that was related to lower cognitive performance. However, the occipital lobe is 
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thought to be a visual processing area that is not primary involved in the control of 
higher cognitive functions as episodic memory. Therefore, investigating GABA, 
glutamate and glutamine concentrations in specific, episodic memory related, brain 
regions would potentially offer deeper insight into the mechanisms underlying 
episodic memory impairment in T2D patients.  
The present study utilized MRS at ultra-high magnetic field strength (7 Tesla) to 
investigate T2D related changes of amino acid concentrations in episodic memory 
specific regions.  Since the medial prefrontal cortex (mPFC) and precuneus exhibit 
increased episodic memory related brain activation (fMRI) in healthy elderly (Thielen 
et al., 2016), we measured GABA, glutamate and glutamine concentrations in these 
areas and studied the relation of these concentrations to episodic memory 
performance and T2D. We hypothesized that abnormal amino acid concentration in 
T2D  patients are associated with reduced episodic memory performance occurring 
in T2D.  
Materials and Methods 
Participants. This study was conducted in 17 T2D patients and 14 healthy 
nondiabetic humans, serving as a control group (table 1). Particpiants were 
consecutively recruited from the German Diabetes Center in Düsseldorf, which 
prospectively monitors patients with recent onset diabetes mellitus (Szendroedi et 
al., 2016) and from an interventional clinical study also at the German Diabetes 
Center in Düsseldorf (Reg. Nr. NCT02039934).  Inclusion criteria for the present 
analysis were age of 30-65 years, BMI above 25 kg/m2. Main exclusion criteria were 
smoking, alcohol or drug abuse, psychiatric, autoimmune, hematologic, 
cardiovascular, pulmonary, pulmological or thyroid diseases. 
 
Experimental procedures. All participants underwent intensive metabolic 
phenotyping. After fasting blood sampling, a 2-step hyperinsulinaemic–euglycaemic 
clamp was performed for 4 h using a primed-continuous insulin infusion (40 mU 
[body weight in kg]−1min−1 for 8 min, followed by 20 mU [body weight in kg]−1min−1 
for 2 hours and then 80 mU [body weight in kg]−1min−1 for 8 min, followed by 40 mU 
[body weight in kg]−1min−1 for another 2 hours; Insuman Rapid, sanofi-aventis, 
Frankfurt am Main, Germany) to assess insulin sensitivity as shown previously 
(Phieleix  et al., 2013). A variable infusion of 20% glucose (wt/vol.; B. Braun, 
Melsungen, Germany) was administered to maintain blood glucose at 5 mmol/l. 
Blood glucose was measured at 5 min intervals.  
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Blood samples were immediately chilled and centrifuged, and supernatants stored 
at −20°C until analysis. Whole-blood glucose concentration was measured at the 
bedside (EKF biosen C-Line glucose analyser, EKF Diagnostics, Barleben, Germany). 
Serum triacylglycerols, cholesterol, free fatty acids, HbA1c, C-peptide and insulin 
were measured as previously described (Nownotny et al., 2013). On a separate day, 
the Mehrfachwahl-Wortschatz-Intelligenztest (MWTB; Lehrl, 2005) was conducted 
to estimate subject’s general educational status as measurement for IQ. After that, 
1H spectroscopy (MRS) was performed in the mPFC and the precuneus. 
Subsequently, volunteers had to memorize face-occupation associations inside the 
scanner. Memory performance was subsequently tested outside the scanner.  
 
Memory paradigm. We used the episodic memory paradigm and voxel placement 
described by Thielen and colleagues (2016) to ensure that the MRS voxels were 
placed in brain regions involved in the memory task. The face-profession encoding 
task was performed within the scanner. Six blocks of an episodic memory condition 
(face-profession encoding task) consisting of 4 stimuli as described below were 
interleaved with six blocks of a visuo-motor condition consisting of 6 stimuli whereby 
each block lasted 22.8 s. During the episodic memory condition, a series of four novel 
faces uniquely associated with occupational titles were shown. Each face with its 
associated occupational title underneath was displayed at the center of the screen 
for 5.7 seconds. Participants were instructed to memorize face-profession 
associations for a subsequent memory test and to judge (via button box) whether 
the face fitted well with the underlined profession or not. In the visuo-motor 
condition each block (as in the episodic memory condition) started with the 
presentation of a brief instruction for 2.0 seconds, and followed by showing a series 
of six shadow-masked face contours with the presentation time of 3.8 seconds each. 
Participants were required to judge (via button box) whether the ears of a shadow-
masked face contour were closer to the left or the right shoulder. Thereafter, the 
volunteers performed a recall test for the associated profession outside the scanner 
whereby they were presented with all the faces (printed on papers in A4 format) and 
had to write down the associated profession (figure 1). Memory performance was 
determined by the amount of correct remembered face-occupation associations. To 
probe T2D related changes in memory performance an ANOVA was conducted with 
the number of correct remembered face-occupation associations as inputs.  
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Figure 1: Design of the face profession association task. Inside the scanner, subjects 
performed the face-profession association task that was interleaved with a visuo-motor task. 
During the visuo-motor task subjects were required to judge whether the ears of a shadow-
masked face contour were closer to the left or the right shoulder. In the face profession 
association task participants had to memorize the face-profession associations and to judge 
whether the face fitted well with the underlined profession or not. Thereafter, subjects 
performed a recall test outside the scanner. The participants were provided with a printed list 
of all the professions and faces seen in the scanner. The participant had to write down the 
associated professions below the faces. The figure is adapted with permission from Thielen 
and colleagues (2016). 
 
MRS data acquisition. Scanning was performed on a whole-body 7 T MR system 
(Magnetom 7T, Siemens Healthcare, Germany) using a 32-channel Rx/Tx head coil 
(Nova Medical, Wilmington, MA, USA).  Before MRS acquisition, a three-dimensional 
T1-weighted structural image (MP2RAGE; FOV = 240 mm×240 mm, TR = 2300 ms, 
TI = 1100 ms, TE = 3.03 ms, 192 slices, spatial resolution = 1×1×1 mm3, flip angle = 8 
degrees) was acquired to guide MRS voxel placement (figure 2). Afterwards, single 
voxel edited 1H-MR Spectra from the medial prefrontal cortex (voxel size: 
20×20×20mm) and precuneus (voxel size: 20×20×20mm) were acquired when the 
shimming procedure resulted in FWHM lower than 30 Hz.  MEGA-sLASER (TR=4500 
ms, TE=80 ms, NEX=64 [32 on, 32 off], scan time = 5:06 min) was used as an editing 
method (Andreychenko et al., 2012).  
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Figure 2: The positions of the MRS voxels (black squares) are depicted. The right (anterior) 
voxel is located in the medial prefrontal cortec (mPFC) whereas the left (posterior) voxel is 
located in the precuneus. Voxel size: 20×20×20mm 
 
MRS data analysis. Quantification and data processing of all spectra were performed 
with LCModel software (Provencher, 2001) using the edited basis set. This edited 
basis set was created by combining edited 5 spectra: N-acetyl aspartate (NAA), N-
acetylaspartyl glutamate (NAAG), glutamate (Glu), glutamine (Gln), glutathione 
(GSH) and GABA, which were affected by the 1.9ppm editing pulse. Edited spectral 
models were calculated by subtracting the MEGA off spectrum from the MEGA on 
spectrum. All spectral models were simulated using NMRSIM module included in the 
TOPSPIN package (version 3.6, Bruker BioSpin, Rheinstetten, Germany) with identical 
scan parameters to the in-vivo spectroscopic scan. To probe T2D related changes in 
GABA, glutamate and glutamine concentrations in mPFC and precuneus, one way 
ANOVA’s were conducted with GABA/NAA, glutamate/NAA and glutamine/NAA as 
inputs with Bonferroni correction for multiple testing. 
 
Correlation analysis. Pearson’s partial correlation analyses were performed by 
means of SPSS (IBM 21) software to assess the potential relationship between 
memory performance and GABA, glutamate and glutamine concentrations. To 
minimize the number of analyses we included only metabolites that were 
significantly different between T2D and controls.   
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Results 
Anthropometry. Sex, age, BMI and IQ did not differ between both groups (table 1). 
T2D patients exhibited excellent glycemic control, but were more insulin resistant 
compared to controls (table 1). In addition and as expected, the T2D patients had 
higher concentrations of fasting triglycerides, free fatty acids, glucose and insulin 
(table 1).  
We found a difference in performance of the paired associate memory task as 
measured by the number of correct remembered face-profession associations 
between the groups (figure 3). The controls remembered statistically significantly 
more items (F (1,30) = 4.376, p = 0.045), namely on average 6.14 (SD = 2.90) items, 
whereas the T2D patients remembered on average 3.94 (SD = 2.92) items.  
 
 
Figure 3: Memory performance of type 2 diabetes patients (T2D) and healthy humans serving 
as control (CON).  *  p= .045 
 
MRS analysis. The mean voxel position (center) in the mPFC was x = 1, y = 41, z = 12 
in MNI space with a mean percentage of 63% (SD = 8.1) gray matter, 20% (SD = 9.1) 
white matter and 17% (SD = 8,2) CSF. The mean voxel position (center) in the 
precuneus was x = 1, y= -48, z= 36 in MNI space with a mean percentage of 65% (SD 
= 10.4) gray matter, 21% (SD = 9.5) white matter and 14% (SD = 6.2) CSF. There was 
no statistical significant difference between percentage of gray matter, white matter 
and CSF between T2D and healthy control subjects neither in the mPFC voxel (GM: F 
(1,30) =.197, p =.661; WM: F (1,30) =.197, p = .661; CSF: F (1,30) =.122, p = .770) nor 
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precuneus voxel (GM: F (1,30) =.504, p = .484; WM: F (1,30) =1.30, p = .263;  CSF: F 
(1,30) =.223. p = .640). Further, we found no difference in the NAA signal between 
T2D and healthy controls, neither in the mPFC (F (1,30) =.081, p = .778) nor in the 
precuneus (F (1,30) =1.096, p = .304). Therefore, we used the ratio to NAA to indicate 
GABA, glutamate and glutamine concentrations. Regarding the GABA/NAA ratio, we 
found a significant increase in GABA in the mPFC of T2D patients compared to 
healthy controls (F (1,30) = 8.220, p = .008) while there were no significant group 
differences in the precuneus (F (1,30) =.100, p = .754). We found no significant group 
differences in glutamate/NAA ratios in the mPFC (F (1,30) =.716, p = .406) or the 
precuneus (F (1,30) =.777, p = .386). The same was true of glutamine/NAA ratios: 
mPFC (F (1,30) =1.186, p = .286), precuneus (F (1,30) =.309, p = .583).  
 
 
Figure 4: Results of the MRS analysis. The figure shows the mean concentrations of GABA 
(left), glutamate (middle) and glutamine (right) in the medial prefrontal cortex (mPFC) and 
precuneus of type 2 diabetes (T2D) patients (dark gray) and healthy control subjects (bright 
gray). Only the GABA/NAA ratio in the mPFC was different between the groups.  * p = .008 
 
Correlation analysis. Because  of the differences between groups in GABA 
concentriotns, we assessed the impact of GABA on memory performance. Using 
Pearson’s partial correlation, we found a negative correlation between mPFC 
GABA/NAA ratio and memory performance across all volunteers (r = -.432; p = .015; 
figure 5).  Hence, those individuals with the highest mPFC GABA concentration were 
those that preformed poorest and vice versa. Regarding precuneus, there was no 
significant correlation (r= .225; p= .224) between GABA/NAA ratio and memory 
performance. To assess whether mPFC GABA concentration is related to the 
metabolic measures (M-Value, fasting triglyceride, fasting free fatty acids, fasting 
glucose and insulin), we performed an additional Pearson’s partial correlation 
analysis between these variables. This analysis revealed no correlation between any 
metabolic measure and mPFC GABA concentration.  
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Figure 5: Correlation between mPFC GABA/NAA ratio and memory performance across all 
participants. Black dots represent type 2 diabetes patients, gray dots represent healthy 
humans serving as control  
 
Discussion 
 
The present study found a decreased memory for face-occupation associations 
already in metabolically well-controlled T2D patients with short known disease 
duration, which is related to increased GABA concentration in the mPFC. 
Interestingly, the increased GABA concentration appeared to be unrelated to 
metabolic measures. This is not in line with the findings of van Bussel and colleagues 
(2016). These Authors reported an association between GABA concentration in 
occipital lobe and fasting blood glucose levels and HB1AC levels. A possible 
explanation may be either the small sample size of the present study or the brain 
region of interest assessed.  
To date, only a limited number of studies examined neurotransmitter concentrations 
in T2D patients and their relation to cognitive performance. Van Bussel and 
colleagues (2016) showed that T2D patients exhibit higher GABA concentrations in 
the occipital lobe, which was associated with poorer cognitive performance as 
measured with the mini-mental-state-examination (MMSE) test. However, the 
MMSE is a rather unspecific test, measuring different cognitive domains such as 
visual construction, attention or calculation. In the present study, we focused on 
episodic memory and found indeed for the first time that T2D patients had a severely 
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decreased memory performance for face-occupation associations, which was 
correlated with increased GABA concentration in the mPFC but not precuneus. 
Though of course our single voxel based analyses limits a generalization of our 
results, our findings provide first evidence that abnormal GABA levels in T2D patients 
maybe region-specific and not a general phenomenon. A possible explanation of our 
findings may be a T2D related change in the amino-acid homeostasis. As previously 
mentioned, after synaptic transmission of GABA, surrounding glia cells metabolize 
GABA to glutamate and glutamate to glutamine, which is in turn transported to the 
neurons where it is synthesized to glutamate (Petroff, 2002). In GABAergic neurons, 
GABA is synthesized from glutamate via glutamate decarboxylase (GAD). Alterations 
within this GABA–glutamate–glutamine cycle may contribute to altered GABA 
concentrations in the brains of T2D patients. Indeed, a rat model of T2D has 
demonstrated that the GABA–glutamate–glutamine cycle is affected. In this regard, 
Sickmann and colleagues (2010) showed an increased glutamate-GABA synthesis in 
memory related brain regions such as hippocampus. Notably, increased GABA 
synthesis was region specific and not evident in all brain regions examined. This 
supports our finding of a T2D related increased glutamate-GABA synthesis in the 
mPFC, but not precuneus.  
Regarding glutamate and glutamine, Sinha and colleagues (2014) reported an 
increased glutamate+glutamine (GLx) concentration in the brain of T2D patients but 
could not further dissociate this because of methodological shortcomings. In the 
present study, we assessed glutamate and glutamine separately. However, we did 
not find significant changes in glutamate or glutamine concentrations in T2D neither 
in the mPFC nor in precuneus. This is similar to the findings of Ajilore and colleagues 
(2007) who reported decreased Glx levels in T2D patients with depression but not in 
T2D patients without depression. A possible explanation for these differences may 
be the location of the brain regions examined. For instance, Sinha and colleagues 
measured GLx in right frontal, right parieto-occipital and right parieto-temporal 
white matter and found increased GLx in the right frontal area only. Moreover, 
Sickmann and colleagues (2010) showed not only a region-specific increase in 
glutamate-GABA synthesis but also a region-specific decrease in glutamate-
glutamine metabolism in diabetic rats.  
Our data demonstrates that T2D patients have a decreased memory for face-
profession associations and elevated GABA concentration in the mPFC but not in 
precuneus. Moreover, mPFC GABA concertation, across all subjects, was negatively 
associated with memory performance suggesting that abnormal GABA levels in the 
mPFC is linked to the episodic memory deficit occurring in T2D patients. Notably, our 
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design allows the assessment of associative episodic memory. In this regard, 
previous work has mainly investigated T2D related decline in single item memory, 
e.g. word list learning (Stewart and Liolitsa, 1999; Jones et al., 2014), which is a 
different process with distinct neural substrates as compared to associative memory 
(Ranganath, 2010; Wang et al., 2013). As associative memory, compared to single 
item memory, is more affected in Alzheimer’s disease (Swainson et al., 2001; Fowler 
et al., 2002; O’Connell et al., 2004; Blackwell et al., 2004; Parra et al., 2009) and T2D 
patients exhibit an increased risk in developing Alzheimer disease (Kuusisto et al., 
1997; Leibson et al., 1997; Ott et al., 1999), our study of associative episodic memory 
in T2D provides a relevant contribution to the understanding of cognitive decline in 
T2D. 
The absence of any effect regarding glutamate and glutamine may be due to the 
limited sample size. Second, we used the ratio of GABA to NAA which has previously 
been associated with T2D (Sinha et al., 2014). However, we tested whether NAA 
concentrations were different in T2D patients and, in line with other studies (Ajilore 
et al., 2007; Sahin et al., 2008), we did not find any significant differences in NAA 
between T2D patients and healthy subjects. Therefore, it is unlikely that our findings 
are biased by NAA.  Third, the present study focused just on GABA levels in the brain 
ignoring peripheral GABA. To get a more holistic view regarding the relationship 
between brain changes and other organs primarily involved in the pathophysiology 
of T2D, future studies should additionally assess GABA concentrations in peripheral 
organs such as the pancreas. In this regard, it has been shown that GABA is also 
produced by β-cells of the islets where it functions as an intra-islet transmitter 
regulating islet-cell secretion and function (Wan et al., 2015). For instance, it has 
been shown that the islets’ GABA signaling regulates insulin and glucagon secretion 
in both healthy subjects and T2D patients and that their GABA signaling system 
appears to be compromised in T2D individuals (Taneera et al., 2012). We can hence 
speculate that there may be a relationship between maladaptive GABA signaling in 
the islets and altered GABA concentrations in the CNS of T2D patients.  
The present study provides new evidence that GABA concentrations in T2D are 
higher only in specific regions and are negatively associated with associative episodic 
memory performance in T2D. The absence of T2D related abnormalities in glutamate 
and glutamine concentrations might be due to the small sample size or the 
localization of measurement.  Nevertheless, our results provide important insight 
into the relation of amino acid neurotransmitter abnormalities in T2D and its relation 
to episodic memory deficits, occurring in T2D.   
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Table 1: Participants´ characteristics of type 2 diabetes patients (T2D) and healthy humans 
serving as control (CON).  
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General discussion 
Episodic memory is an important human capability enabling us to re-experience our 
personal past. Episodic memory impairment is one of the most common symptoms 
voiced by patients to physicians in different fields as psychiatry or neurology (Budson 
and Price, 2005). A dysfunctioning episodic memory system has marked effects on 
the patient's normal daily live and affects not only the patient itself but also their 
relatives.  Therefore, it is crucial to gain deeper insight in the neuronal mechanisms 
underlying this capability and the pathological processes that cause memory 
impairment. Initially, research in memory was mainly based on neuropsychological 
studies of patients with focal brain lesions. Nowadays, memory research includes 
new techniques, in particular neuroimaging methods. The work presented in this 
thesis utilized fMRI and MRS methods to investigate the neuronal correlates of 
episodic memory in human with a focus on the mPFC-thalamus-hippocampus 
network.  We studied this network in both healthy young adults and in the elderly, 
where we assessed the effects of inflammation and T2D on this network.   
Summary of findings 
PART 1: PROPERTIES OF THE MEDIALPREFRONTAL-THALAMUS-
HIPPOCAMPUS NETWORK IN EPISODIC MEMORY  
 
Q1:  What is the relevance of the thalamus in episodic memory? 
 
In chapter 2 we studied the potential role of thalamic nuclei in the systems 
consolidation of episodic memory. In this work we utilized PPI analysis to investigate 
the functional connectivity within the mPFC-thalamus-hippocampus network over 
time. We showed that the retrieval of 2-hours old memories is accompanied by a 
transient thalamic connectivity increase to the hippocampus, mPFC and posterior 
parahippocampal cortex which weakened over the course of 90 days. Importantly, 
the mPFC connectivity with the posterior parahippocampal region strengthened 
with time. Thus, thalamic nuclei seem to be involved in memory retrieval at an early 
stage of memory consolidation before the retrieval network becomes mainly based 
on neocortical connectivity. Our findings extend classical systems consolidation 
models by attributing a transient role to thalamic nuclei.  
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Q2: Are GABA and glutamate concentrations related to mPFC-thalamus-    
        hippocampus functional connectivity and episodic memory performance.     
 
In chapter 3 we explored the dynamics of inhibitory and excitatory 
neurotransmitters (GABA and glutamate/glutamine; GLx) in the mPFC and its 
relation to functional connectivity in the mPFC-thalamus- hippocampus network and 
memory performance.  We demonstrated that in the mPFC GLx but not GABA levels 
were increased during episodic memory encoding, which appeared to be associated 
with better memory performance. In addition, we showed that the GLx increase was 
associated with a stronger mPFC functional connectivity to the thalamus and 
hippocampus.  Thus, we provide new evidence for an mPFC involvement in episodic 
memory encoding by showing a memory related increase in mPFC excitatory 
neurotransmitter levels that were associated with better memory and a stronger 
functional connectivity in the mPFC-thalamus-hippocampus network.   
 
PART 2: THE MEDIALPREFRONTAL-THALAMUS-HIPPOCAMPUS NETWORK  
IN HEALTHY AND PATHOLOGICAL AGING 
 
Q3: What is the effect of inflammation on mPFC-thalamus-hippocampus functional  
        connectivity in healthy elderly.   
 
In chapter 4 we studied the impact of physical activity on inflammation and its 
relation to the mPFC-thalamus-hippocampus network and memory performance in 
healthy elderly. In this study, we replicated prior findings regarding decreased IL-6 
concentration and better episodic memory functioning in aerobic active elderly 
subjects. Furthermore, we provide new evidence for an effect of aerobic physical 
activity on episodic memory related activation and functional connectivity in the 
mPFC-thalamus-hippocampus network which was inversely related toIL-6 
concentration. Together, we provide first evidence how system immunological 
changes relate to brain function which is in particular relevant in the context of 
neuroinflammatory mechanisms underlying neurocognitive disorders 
 
 
 
 
 
108 
 
 Q4: Do T2D patients have GABA and or glutamate abnormalities in the mPFC- 
         thalamus-hippocampus network and is this related to episodic memory      
         performance. 
 
In chapter 5 we studied the impact of glutamate, glutamine and GABA 
concentrations in episodic memory relevant brain regions (mPFC and precuneus) in 
T2D and matched controls and their relation to episodic memory performance.  We 
demonstrated that T2D patients had a decreased memory for face-profession 
associations and an elevated GABA concentration in the mPFC but not precuneus. 
Moreover, mPFC GABA concertation was negatively associated with episodic 
memory performance suggesting that abnormal GABA levels in the mPFC are related 
to the episodic memory decline occurring in T2D patients.  
Integration of findings 
In the first part of this thesis, we found further evidence for the involvement of an 
mPFC-thalamus-hippocampus network in episodic memory in human. By utilizing PPI 
analysis we showed first (chapter 2) that thalamic midline nuclei serve as hub 
between the mPFC and hippocampus during memory retrieval at an early (2 h) stage 
of consolidation.  In the second study (chapter 3) we showed that the mPFC-
thalamus-hippocampus network is not only involved in recent memory retrieval but 
also during memory encoding. In this regard, we found that the excitatory 
neurotransmitter glutamate in the mPFC is upregulated when humans memorize 
episodic content and that this neurotransmitter increase is associated with increased 
functional connectivity to the hippocampus, the ventral anterior thalamic nucleus 
and to the dorsal margin of the thalamus which may represent the thalamic reticular 
nucleus.   
 
In spite of the acknowledged function that the thalamus plays in episodic memory it 
is not yet fully understood which thalamic sub-structures are involved in which 
aspect of episodic memory processes (Aggleton et al., 2011; van der Werf et al., 
2003). With respect to midline thalamic nuclei, animal studies have shown that these 
nuclei project to widespread areas of the entire cortical mantle (Van Der Werf et al., 
2003; Van Der Werf et al., 2002; Berendse and Groenewegen, 1991). Moreover, 
midline thalamic cells do not innervate one target only, but projects to multiple 
targets of different brain structures: hippocampus, neocortex, and the reticular 
nucleus of the thalamus (Xu and Südhof 2015, van der Werf et al., 2003; Deschenes 
et al., 1996; Dolleman-Van Der Weel and Witter, 1995; Cesaro et al.,1984; Royce, 
1983). In addition, damage to midline thalamic nuclei causes deficits that are more 
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similar to those seen after prefrontal cortex damage rather than to those evident 
after damage to the hippocampal system (Young et al., 1996). Therefore, van der 
Werf and colleagues (2003) proposed that the midline thalamic role in episodic 
memory is a diffuse one that is not much related to the specific information that is 
being processed, but rather to inducing the necessary cortical activation of different 
brain regions involved in episodic memory processes. This assumption is in line with 
the more recent findings of Xu and Südhof (2013), which showed that, in rodents, 
the mPFC controls hippocampal activation levels during memory encoding via the 
nucleus reuniens which is one of the midline thalamic nuclei. Moreover, in humans, 
it has been shown that patients with midline thalamic infarcts displayed widespread 
decreases in cortical metabolic activity (Levasseur et al. 1992). With respect to 
anterior thalamic nuclei, it seems that damage to this nuclei group causes the same 
memory deficits seen after hippocampal damage (van der Werf et al., 2003). The 
anterior thalamic nuclei group comprise the anterior dorsal, anterior ventral, and 
anterior medial nuclei and is sometimes called “limbic” because of its dense 
interconnections with the mammillary bodies and the hippocampal formation (Child 
and Benarroch , 2013; Aggleton et al., 2011).  Van der Werf and colleagues (2003) 
proposed that the role of the anterior thalamic nuclei is the selection of information 
for subsequent memory storage by focusing on the information to be processed and 
to suppress material that is extraneous or not needed. In line with this assumption 
Štillová and colleagues (2015) studied patients that underwent deep brain 
stimulation and found that the P300-like potentials in the anterior thalamus 
preceded the P300-like potentials in the hippocampus during an episodic memory 
task. The thalamic reticular nucleus is a layer of GABAergic cells wrapping the 
dorsolateral segments of the thalamus (Jones, 1985; Zikopoulos and Barbas, 2006). 
GABAergic neurons in the thalamic reticular nucleus modulate both thalamocortical 
and corticothalamic communications (Lewis et al., 2015; Slotnick et al. 2002; Lozsadi, 
1995; Steriade et al., 1993; Jones, 1985). For instance, the thalamic reticular nucleus 
receives excitatory inputs from cortex and other thalamic nuclei and sends inhibitory 
projections (GABAergic) back to thalamic nuclei thereby controlling the 
activity/oscillations in thalamo-cortical loops (Slotnick et al. 2002; Lozsadi, 1995; 
Steriade et al., 1993). Thus, a potential role of the thalamic reticular nucleus in 
episodic memory may be the synchronization and desynchronization of neural 
assemblies to support the integration of cortically distributed information that 
belong to one specific episodic memory content. It is important to note that the 
aforementioned thalamic nuclei are only a fraction of the thalamus and that there 
are other thalamic nuclei as for instance medial dorsal nuclei that are also critically 
involved in memory processes. Together, the possible role of the thalamus in the 
episodic memory network may be to support cortical sides during memory related 
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processes. In this regard, different thalamic nuclei may exert different, but 
complementary, functions in specific aspects of episodic memory processes.  
 
The finding that mPFC glutamate/glutamine concentrations are increased after 
subjects have memorized face-name associations (chapter 3) provides further 
support for an active role of the mPFC in memory encoding. Albeit the majority of 
animal and human studies point to a crucial role of the mPFC in the retrieval of 
remote memories, some studies revealed also an involvement of mPFC during 
memory encoding (van Kesteren et al., 2014; van Kesteren et al., 2013; Tse et al., 
2011). One possible function of the mPFC during memory encoding may be the 
integration of new information in established prior knowledge (schemata). In this 
regard, Tse and colleagues (2011) showed in rodents that learning  new information 
that fits preexisting knowledge caused increased immediate early gene synthesis in 
the medial prefrontal cortex. Moreover, pharmacological blockade of that brain 
region prevented not only the recall of both remotely and recently consolidated 
memories, but also learning. Additionally, van Kesteren and colleagues (2013, 2014) 
utilized the subsequent memory paradigm and revealed that the subsequent 
memory effect for schema-incongruent information was larger in the medial 
temporal lobe, while the effect for schema-congruent information was larger in the 
medial prefrontal cortex. Therefore, albeit speculatively, the excitatory 
neurotransmitter increase in the mPFC (chapter 3) may reflect integration processes 
of new information in preexisting knowledge. According to Fernández (2017), the 
processes that underlie memory formation balance between two routes, a medial 
temporal route which predominates when information is new relative to already 
existing knowledge and a medial prefrontal route which predominates when 
information to be learned fits well with preexisting knowledge. Thus, one may 
hypothesize that the GLx related mPFC functional connectivity to thalamus and 
hippocampus reflect the exchange between the medial prefrontal and medial 
temporal route. Altogether, in the first part of this thesis we provide further evidence 
for an mPFC-thalamus-hippocampus network in episodic memory. The relevance of 
this network may be the integration and consolidation of new information in existing 
knowledge. Within this network, mPFC and hippocampus may utilize different 
thalamic nuclei to augment the neural states in a manner that processes necessary 
for memory formation can take place.  
 
In the second part of this thesis we focused on the potential effects of aging across 
the pathological continuum on the mPFC-thalamus-hippocampus network. Healthy 
aging has been associated with decreased activation in the hippocampus during 
tasks that involve feature binding in working memory, encoding and retrieval (Park 
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et al., 2003; Daselaar et al., 2003; Morcom et al., 2003; Mitchell et al., 2000). In 
addition, these fMRI studies showed also changes in prefrontal activation, suggesting 
an ageing related alteration in the mPFC-thalamus-hippocampus network. We 
assumed that an underlying mechanism that may, at least partly, account for the 
changed brain activation may be inflammation since it causes a reduced medial 
temporal cortex glucose metabolism (Harrison et al., 2014) and inflammatory genes 
account for the majority of those that are upregulated in the aging brain (Godbout 
et al., 2005; Prolla, 2002).  Indeed, in chapter 4 we found a relation between 
inflammation and functional connectivity in the mPFC-thalamus-hippocampus 
network in healthy elderly.  We showed that aerobically active elderly subjects had 
a decreased systemic IL-6 concentration, a better episodic memory performance and 
an increased functional connectivity in the mPFC-thalamus-hippocampus network 
which appeared to be inversely related to the IL-6 concentration.  Thus, it seems that 
the “communication” in mPFC-thalamus-hippocampus network is affected by 
inflammatory processes that are chronically enhanced in healthy elderly. In chapter 
5 we assessed the potential impact of T2D on the mPFC-thalamus-hippocampus 
network. Since several animal studies indicate that T2D is associated with an 
impaired neurotransmitter (glutamate and GABA) homeostasis in the brain 
(Sickmann et al., 2010; Kamal et al, 2006; Martinez-Tellez et al, 2005; Galanopoulos 
et al, 1988), we assumed abnormal mPFC GABA and glutamate concentrations that 
are related to the episodic memory decline occurring in T2D patients. We showed 
that mPFC GABA concentration is inversely related to memory performance and that 
T2D patients have enhanced GABA in mPFC.  Thus, it seems that T2D is associated 
with an impaired neurotransmitter homeostasis in the mPFC-thalamus-
hippocampus network.  Albeit speculatively, the elevated GABA concentration may 
be associated with inflammatory processes. In this regard, growing evidence 
suggests that inflammation plays an essential role in the pathogenesis of type 2 
diabetes (Pollack et al., 2016, Lontchi-Yimagou et al., 2013) and there is evidence for 
an association between inflammation and increased GABA levels (Wu et al., 2017; 
Dadsetan et al., 2016; Castro-Lopes etal., 1992). For instance, Dadsetan and 
colleagues (2016) showed that neuroinflammation is associated with an elevated 
GABAergic neurotransmission, GAT-3 membrane expression and extracellular GABA 
in rodent. Therefore, it may possible that anti-inflammatory processes triggered by 
physical activity (Chapter 4) have the potential to normalize the abnormal mPFC 
GABA concentration in T2D which may improve episodic memory performance of 
these patients. 
 
Altogether, in this thesis we provide further evidence for an episodic memory 
network comprised of mPFC, thalamus and hippocampus. We showed that the 
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“communication” within this network mediates episodic memory related processes 
in a way that it augment episodic memory performance.  Moreover, we revealed 
that inflammatory processes and pathological mechanisms occurring in T2D affect 
this system and thereby episodic memory performance.  
 
Limitations and future directions 
One limitation in the methods applied in this thesis is that the PPI parameters are 
only indicative of functional interactions between brain regions in a given task, which 
provide only correlational evidence without direction or causality. Utilizing more 
sophisticated functional connectivity analyses as for example dynamic causal 
modeling (DCM) can provide deeper insight regarding the direction or causality 
within the mPFC-thalamus-hippocampus network. Second, we assessed GABA, 
glutamate and glutamine in the mPFC only, disregarding the properties of these 
neurotransmitters in the hippocampus and thalamus. Note however, in a pilot, we 
assessed these brain regions and obtained spectra that could not be reliably analyzed 
since the signal to noise ratios were too low. Advanced MRS sequences may allow 
future studies to assess these metabolites also in these brain regions.  Third, this 
thesis does not provide a holistic elaboration of the mPFC-thalamus- hippocampus 
network. For instance, different brain regions along the medial prefrontal cortex are 
involved in episodic memory (Eichenbaum 2017) with different anatomical 
connections to thalamic nuclei and hippocampal subfields (Eichenbaum 2017; 
Aggleton et al., 2011). The work presented in this thesis, however, assessed a small 
fraction of these “loops” only. Related to this issue, episodic memory can be 
subdivided into two component processes: familiarity and recollection. Whereas 
familiarity is rather the feeling that an event was previously experienced, 
recollection is the additional retrieval of details related to the previously experienced 
event (Yonelinas et al., 2010). In this regard, Aggleton and colleagues (2011/2010) 
proposed different loops in the mPFC-thalamus-hippocampus network that are 
either involved in familiarity or recollection based memory processes. In the first part 
of this thesis (chapter 2/chapter 3) we assumed that the retrieval or encoding of 
later highly confidently remembered items reflect recollection based memory 
processes. However, there are more sophisticated memory designs, such as for 
example the remember/know paradigm (Yonelinas and Jacoby, 1995; Tulving, 1985) 
that are explicitly designed to differentiate between recollection and familiarity 
based memories. Therefore, future studies should confirm that our findings are 
indeed related to recollection and not a mixture of familiarity and recollection based 
memory processes. For instance, it may possible that the decreasing functional 
connectivity in the mPFC-thalamus-hippocampus network over time (chapter 2) 
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reflects a loss of memory detail so that memory retrieval at the later time points was 
not based on recollection anymore but on familiarity. A limitation of the second part 
of this thesis (chapter 4/chapter 5) was the rather small sample sizes. For this reason, 
we cannot ensure representative distributions of the test populations. Therefore, 
future studies should confirm our findings in a larger sample.   
Concluding remark 
This thesis aimed to assess the neuronal correlates of episodic memory, with a focus 
on a network comprised of the mPFC, thalamus and hippocampus. By utilizing 
different imaging methods, we revealed that the formation and the retrieval of 
episodic memories are accompanied by enhanced “communication” within this 
network. Moreover, we demonstrated that this “communication” was associated 
with an accumulation of excitatory neurotransmitter in the mPFC that in turn 
predicted stronger functional connectivity within this network and a better episodic 
memory performance.  Furthermore, we showed that this network is affected by 
inflammatory processes and T2D which are both associated with episodic memory 
decline in the elderly.  
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NEDERLANDSE SAMENVATTING  
In dit proefschrift werd de bijdrage van het mediale voorfrontale cortex (mPFC)- 
thalamus-hippocampus netwerk in het episodische geheugen onderzocht. In het 
bijzonder heb ik geprobeerd de volgende vragen te beantwoorden: 
 
 Wat is de rol van de thalamus in het episodisch geheugen? 
 Zijn γ-aminoboterzuur (GABA)  en glutamaat concentraties gerelateerd aan 
de functionele connectiviteit van het mPFC-thalamus-hippocampus 
netwerk en episodisch geheugen prestatie?     
 Wat is het effect van in het bloed gemeten ontstekingsparameters op de 
functionele connectiviteit van het mPFC-thalamus-hippocampus netwerk 
bij gezonde ouderen? 
 Hebben type 2 diabetes (T2D) patiënten veranderde GABA- en / of 
glutamaat concentraties in het mPFC-thalamus-hippocampus netwerk en is 
dit gerelateerd aan episodische geheugenprestaties? 
 
Om deze vragen te kunnen beantwoorden heb ik gebruik gemaakt van verschillende 
beeldvormingsmethoden, zoals 1H magnetische resonantie spectroscopie (MRS) en 
functionele magnetische resonantietomografie (fMRI). In de volgende paragrafen zal 
ik een korte samenvatting geven van elk deel van het experimenteel onderzoek. 
 
We hebben eerst de potentiële rol van de thalamus in het consolideren van 
informatie (hoofdstuk 2) onderzocht door gebruik te maken van een zogenaamde 
psychofysiologische interactie (Psycho-Pysiological-Interaction; PPI) analyse. Met 
behulp van Psychofysiologische interactie (PPI) analyse kunnen context-specifieke 
veranderingen in effectieve connectiviteit (koppeling) tussen een hersenengebied 
van belang (“seed-region”) en andere hersengebieden analysert werden. We hebben 
een unieke dataset van een prospectieve fMRI-studie geanalyseerd, waarbij neurale 
activiteit van recente en (in het beloop van 90 dagen) progressief meer verouderde 
herinneringen opgehaald werden. We vonden een tijdelijke toename van de 
connectiviteit tussen thalamus, de hippocampus, de mPFC en een posterieur 
representatiegebied in de parahippocampale cortex, die met de tijd afnam. Deze 
dynamische verandering werd gevolgd door een progressief toenemende mPFC-
parahippocampale connectiviteit. Deze bevindingen komen overeen met een 
geheugen model waarin thalamus kernen als knooppunten dienen tussen de 
hippocampus, de mPFC en posterieure representatieve gebieden tijdens een 
tussentijdse staat van systeemconsolidatie. Onze resultaten zijn dan ook een 
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toevoeging aan de klassieke systeemconsolidatiemodellen door een voorbijgaande 
rol toe te kennen aan specifieke thalamus kernen in geheugenprocessen.  
 
In de tweede studie (hoofdstuk 3) hebben we MRS en fMRI gebruikt om verdere 
bevestiging te zoeken voor het idee dat het mPFC-thalamus-hippocampus netwerk 
in mensen een daadwerkelijke geheugenfunctie heeft. Met behulp van MRS hebben 
we mPFC  GABA en glutamaat / glutamine (GLx) concentraties gemeten vóór en na 
het leren van naam-gezicht associaties. We hebben aangetoond dat de mPFC GLx- 
maar niet de GABA-niveaus tijdens de geheugentaak stegen, wat positief gerelateerd 
leek te zijn aan verbeterde geheugenprestaties. Met betrekking tot functionele 
connectiviteit hebben we het “subsequent memory” paradigma gebruikt en 
geconstateerd dat de GLx-toename geassocieerd was met een sterkere mPFC-
connectiviteit tussen thalamus en hippocampus. Dit gold voor associaties die later 
met een hoge mate van zelfvertrouwen werden herkend, in tegenstelling tot wat 
later herkend met weinig vertrouwen. Samengevat leveren we nieuw bewijs voor 
een mPFC betrokkenheid in het episodisch geheugen door een 
geheugengerelateerde toename in mPFC-excitatorische neurotransmitterniveaus te 
tonen die geassocieerd was met beter geheugen en een sterkere 
geheugengerelateerde functionele connectiviteit in een mPFC-thalamus-
hippocampus netwerk. 
 
De derde studie (hoofdstuk 4) was gericht op het combineren van immunologische 
en functionele beeldvormingsparameters om multifactoriële beschermende 
mechanismen van fysieke activiteit bij gezonde ouderen te onderzoeken. In het 
bijzonder hebben we de potentiële impact van de betrokkenheid van aerobe fysieke 
activiteit op veranderingen in het mPFC-thalamus-hippocampus netwerk en de 
associaties tot ontsteking onderzocht. Als een marker voor ontsteking indexeerden 
we interleukine-6 (IL-6) omdat dit cytokine de duidelijkste korte termijn reactie 
vertoont na  fysieke activiteitin vergelijking met andere ontstekingsmarkers zoals 
bijvoorbeeld TNF-R, TNF alfa, IL 1 beta, IL-1ra, of IL-10. We vonden dat meer aerobe 
fysieke activiteit geassocieerd was met een verhoogde encodering gerelateerde 
functionele connectiviteit in het mPFC-thalamus-hippocampus netwerk. Bovendien 
was de encodering gerelateerde functionele connectiviteit van dit netwerk 
omgekeerd evenredig met circulerende IL-6 die eerdere bevindingen van 
ontstekingseffecten op netwerkeigenschappen bevestigen.  
 
In de vierde studie (hoofdstuk 5) onderzochten we met behulp van MRS het verband 
tussen episodische geheugenprestatie en glutamaat en GABA concentraties in 
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episodisch geheugen relevante hersengebieden (mPFC en precuneus) van T2D-
patiënten en gematchte controles. We toonden aan dat T2D patiënten een 
verminderde geheugen prestaties hadden voor gezicht-beroep associaties en een 
verhoogde GABA-concentratie in de mediale prefrontale cortex, maar niet in 
precuneus. Bovendien was de GABA-concentratie in de mediale prefrontale cortex 
negatief geassocieerd met geheugenprestaties, wat suggereert dat abnormale 
toename in GABA-niveaus in de mPFC gekoppeld zijn aan de episodische 
geheugenafname die optreedt bij T2D-patiënten. 
 
Alles bij elkaar onderbouwen de studies in dit proefschrift de hypothese van een 
episodisch geheugennetwerk dat bestaat uit mPFC, thalamus en hippocampus. We 
hebben aangetoond dat de thalamus tussen de hippocampus en mPFC bemiddelt 
wanneer mensen episodische herinneringen opslaan en weer ophalen. Deze 
processen zijn gerelateerd aan veranderingen in de concentratie van 
neurotransmitters. Met betrekking tot het ouder worden, hebben we aangetoond 
dat aerobe activiteit bij gezonde oudere mensen gerelateerd is met een lagere 
systemische ontsteking, die wordt geassocieerd met een verhoogd "communicatie" 
in de mPFC-thalamus-hippocampus netwerk tijdens het leren van episodische 
inhoud. Bovendien hebben oudere patiënten met type 2 diabetes een verhoogde 
concentratie van remmende neurotransmitters in het mPFC-thalamus-hippocampus 
netwerk, die gepaard gaat met een verminderde prestatie van het episodisch 
geheugen.  
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